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Abstract 
A need for light-weighting in the automotive industry is leading to more widespread 
adoption of composite materials. The high cost of these materials, however, is leading to a 
search for lower cost solutions. Carbon fibre-reinforced sheet moulding compound (C-SMC) 
is proposed as a possible cost-effective solution but has several barriers to use; namely 
warpage of components, and high variability of mechanical properties. This thesis 
investigated possible factors affecting the distortion of components and found that the 
distortion, measured by a laser scanner on a ROMER arm, was related to the orientation 
distribution of the reinforcement affected by the flow, characterised by X-ray computed 
tomography. It was found that use of cooling jigs could control this warpage to produce in-
tolerance components. These findings have already been implemented by the sponsor 
company to enable use of this material in multiple products. 
 The effects of coupon width, thickness, and mould coverage on apparent tensile strength 
and Young’s modulus were investigated. This found that strength increases when the 
coupon width reaches twice the length of the reinforcement. The strength was found to 
increase with thickness according to a logarithmic relationship, with non-significant 
differences occurring after the thickness had reached 4 mm thickness. The strength was 
found to decrease with increasing mould coverage for the mould coverages tested. The 
modulus was found to not correlate to coupon width, although there was a decrease in 
variation at 50 mm width. Similarly, the Young’s modulus was not found to change with 
increasing thickness, but the variance did decrease. The Young’s modulus increased with 
decreasing mould coverage. This allowed definition of the geometry of a tensile test coupon 
to increase the confidence in the determined mechanical properties for future test 
programmes. 
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1 Introduction 
1.1 Context 
With increasingly stringent emissions regulations, such as the United States Department of 
Transport’s corporate average fuel economy (CAFE) standards, and the growth in battery 
electric vehicles, automotive original equipment manufacturers (OEMs) have to look 
towards substantial light-weighting of their structures.  This is leading to increasing use of 
composite materials, notably carbon fibre composites. In 2015 the global market for carbon 
fibre composites within the automotive sector had a value of US$2.4 billion, with this 
expected to grow to US$6.3 billion in 2021 (Mazumdar, 2016). With the current cost of 
carbon fibre composites being in the region of US$18-US$30 kg-1, substantial cost savings 
need to be enacted within the carbon fibre composite markets to bring the price to the 
US$11-US$15 kg-1 required by the automotive industry (Mazumdar, 2016). These cost 
savings can be found either on the material production side, on the component 
manufacturing side, or both. In 2014, Toray and Zoltek (now a Toray company) had 36% of 
global carbon fibre manufacturing capacity, with Tenax, MRC, SGL and Hexcel holding 
another approximately 32% combined (Das et al., 2016). With such dominant fibre 
producers, reduction in the material cost cannot be controlled by OEMs, who instead must 
look to efficient component manufacturing and waste reduction to reduce costs.  
The large amounts of skilled labour required for manufacture of components from pre-
impregnated carbon fibre composites (prepreg), and the long cycle times of both prepreg 
and resin transfer moulding (RTM) processes it is necessary to look towards alternative 
forms of manufacture of carbon fibre components. In manufacture from prepreg materials, 
these long cycle times come from both the lay-up time (usually carried out by hand, 
although automation is increasingly being used), any debulks necessary through the lay-up 
to consolidate the plies and aid in removing entrapped air, and then the cure cycle. For a 
standard versatile cure resin system used in prepregs, the cure may be of 1-4 hours at 120oC 
(Solvay MTM45-1, included in the NCAMP aerospace materials database has a hold of 4 
hours at 120oC, for example), but this has further time added to it from the slow 
temperature ramp rate allowed – usually 1-3oC min-1. From a standard room temperature of 
25oC, and then down to a standard extraction temperature of 60oC, this then adds 52 – 155 
minutes to the time in autoclave.  Compression moulding is the natural alternative and can 
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be applied to prepreg, RTM and discontinuous fibre composites. Compression moulding of 
prepreg and to produce continuous fibre-reinforced RTM preforms has substantial 
difficulties in producing the kinds of geometries that can be produced by hand. However, 
the technique applied to discontinuous fibre composites can produce components with 
complex geometries, additional features, and co-moulded inserts, along with low cycle 
times (approximately 5 – 15 minutes depending on material and geometry) for rapid 
manufacture and easy automation. This technology has been well understood within the 
context of glass fibre-reinforced sheet moulding compound (G-SMC), but replacing the glass 
fibres with carbon can lead to improvements in mechanical performance to give a material 
with properties between those of conventional G-SMC and continuous fibre carbon 
composites, but with the rapid processing times of G-SMC (DSM Composite Resins, 2003). 
The use of sheet moulding compounds (SMCs) in the automotive industry is nothing new. G-
SMC has been used extensively to provide the Class A surface finish required for body 
panels and other external surfaces, although the variation in SMC parts leads to issues in its 
use for structural components (Cabrera-Ríos and Castro, 2007). Despite this variability, SMC 
has found a use for semi-structural components in the automotive sector including beams 
to support instrument panels (Santrach and Corning, 2000), and the floor pan of a concept 
structure for Renault (Reinforced Plastics, 1995). Of more significance is the 2003 Dodge 
Viper convertible by DaimlerChrysler, which made use of G-SMC and carbon fibre-reinforced 
SMC (C-SMC) in three key areas: in the windscreen surround (WSS), in the doors, and in the 
bodywork supports. The WSS was made with G-SMC, further reinforced with continuous 
fibre unidirectional (UD) glass fibre-reinforced polymer composites (GFRP). The door was 
constructed of G-SMC (combining a typical compound for body panels on the skin with a 
low-density compound used internally), C-SMC near the hinge, and additional steel 
reinforcement where required. The fender supports at the front end of the car were made 
from C-SMC bolted onto the steel frame and crash structure, thus defining these C-SMC 
components as semi-structural (Bruderick et al., 2002). Lamborghini have also made use of 
C-SMC, with a notable example being their Sesto Elemento concept car, which featured a C-
SMC “tub” to provide additional stiffening to the tubular metallic space frame that is the 
structure of the vehicle, along with suspension arms and connecting rods (Jacob, 2010). 
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Outside of the automotive industry, Boeing have made use of C-SMC for window frames and 
other secondary structural components in the 787 Dreamliner.  
This increased use of SMC was predicted to result in a compound annual growth rate (CAGR) 
in the SMC market of 5.5% from 2014-2019 (Lucintel, 2014). In retrospect, the market grew 
from 1598 million USD in 2014 (Intellica, 2019) to 1880 million USD in 2019 
(AmericaNewsHour, 2019) – a CAGR of 3.2%. As part of this expansion in the use of SMC, 
there are several issues that need to be overcome to enable the widespread adoption for 
structural application. These issues include the distortion of components made from SMC 
after moulding, the variability of the mechanical properties, correct measurement 
techniques for the properties, and the influence of specimen and component geometry on 
the distortion and the mechanical properties. These issues define the aims and objective of 
this thesis. 
1.2 Aims and Objectives 
The aims of this thesis are defined by the issues preventing widespread use of C-SMC in 
structural components in the automotive industry. This leads to the aims of: 
a) reduce the dimensional distortion that components experience after moulding;  
b) obtaining a better understanding of how specimen geometry affects the variability of 
mechanical properties. 
Following a review of the literature (discussed in Chapter 2), the objectives of the thesis 
were defined as: 
a) to investigate the parameters affecting the distortion of C-SMC components 
b) to find whether the distortion of C-SMC components can be controlled to bring 
components into tolerance 
c) to investigate the effects of width, thickness, and mould coverage (as it is linked to 
thickness) on the apparent tensile strength and Young’s modulus of C-SMC 
d) define a suitable coupon size to use for screening and qualification of C-SMC 
materials in the future, to provide sufficient confidence in their mechanical 
properties. This is to be carried out by experiment, to validate previous 
computational work in the literature. 
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1.3 Outline of Thesis 
This thesis begins with a literature review to present the fundamentals of SMC as a material 
and the principles of processing and manufacturing with SMC, including the fundamental 
differences between G-SMC and C-SMC. The warpage and distortion of C-SMC are then 
discussed, followed by the use of computed tomography to categorise the micro- and 
mesostructure of polymer matrix composites. The literature review will then present a 
critical discussion of the mechanics of SMC and the models that exist to provide estimates of 
the mechanical properties. The final part of the literature review discusses the previous 
work carried out by the sponsor company in respect to C-SMC; this leads into the statement 
of objectives for the thesis. The materials and methods for this project are then presented, 
followed by an investigation into the dimensional stability of flat panels, and then 
representative components. The investigation into the factors affecting the tensile strength 
and Young’s modulus is then presented and discussed. 
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2 Literature Review 
2.1 Introduction 
As presented in the Introduction, there are many pull factors for the adoption and use of 
sheet moulding compound within the automotive industry, however, there are issues 
preventing its widespread use. This chapter surveys the state of the art in addressing these 
issues, and critically reviews this literature. It begins with a discussion of the processing of 
raw sheet moulding compound (SMC), manufacture of components from SMC and defects 
from the manufacture of SMC. This is followed by a discussion of the use of computed 
tomography to characterise the microstructure of polymer composites. After this a critical 
discussion of the literature relating to the mechanics of SMC, taking a chronological 
approach to reviewing the development of the models used to estimate the mechanical 
properties of SMC. The mechanical properties of carbon fibre-reinforced SMC (C-SMC) that 
have been obtained thus far in the literature and commercially will then be presented and 
critically discussed. There will then be an overview of the previous work carried out 
internally in the sponsor organisation prior to this project, with a critical discussion. This will 
lead to the statement of objectives for the thesis.  
2.2 What is Sheet Moulding Compound? 
Composite materials can be grouped according to several different classifications; matrix 
type, reinforcement type, or reinforcement length (Hull and Clyne, 1996). Considering the 
reinforcement length, composites can very generally be split into two classes: they either 
contain continuous reinforcement (sometimes referred to as endless fibre reinforcement), 
or discontinuous reinforcement. In continuously reinforced composites, the fibres are 
continuous over the length of the dimension of the component, unless the component 
changes in thickness, in which case a layer of fibres will begin or end within a section, much 
like an edge dislocation in a metal. In contrast, discontinuously reinforced composites will 
contain many fibre ends as the fibres are usually significantly shorter than the component 
dimensions. Particulate reinforcement may be considered as a third class of reinforcement 
(Halpin and Kardos, 1976), but in the current work this is considered to be a special type of 
discontinuous reinforcement with a fibre aspect ratio (length to diameter) of around 1. 
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Continuous fibre polymer matrix composites are generally manufactured through two 
mechanisms. The first is resin transfer moulding (RTM): dry fabrics are laid up to produce a 
preform which is then infused with resin to produce the component. The second is building 
up the component by layering sheets (plies) of fibres preimpregnated with a partially cured 
(B-stage) polymer matrix (prepreg) to create a laminate. This is then placed in an autoclave 
so that high pressures compress the laminate. SMC bears the similarity to the prepreg 
process. SMC comprises discontinuous fibres embedded in a partially cured sheet of 
polymer resin. Sheets of SMC, the ‘charge’, are laid up in a heated mould, which is set in a 
press. The mould is then closed with the press providing the compressive force. The high 
temperature reduces the viscosity of the material, which then flows to completely fill the 
mould. This contrasts with a prepreg process where the lay-up is carried out very accurately 
(positional tolerances of ±2.5 mm) and the high pressure helps to consolidate the laminate. 
The high temperature allows the resin to flow, whilst the combination of pressure and 
temperature help remove voids, whilst bleeding off excess resin until the gelation point is 
reached. In the SMC process the high pressure is a requirement for forming the shape of the 
component (the laying up process is done much faster and to a less accurate degree than a 
prepreg lay-up). The mould then remains closed whilst the component cures.  
2.3 Production of Sheet Moulding Compound 
There are two production techniques used to manufacture SMC. The first of these is the 
deposition of chopped fibre bundles onto a partially cured polymer paste - depending on 
the resin formulation, this is approximately a 5-10% degree of cure (Qin et al., 2007; 
Cardinaud et al., 2016), which is laid on a carrier film. A second layer of the polymer is then 
deposited over the top and the material is passed between rollers to reduce the thickness 
and void content (calendering). The calendering process results in spreading the chopped 
fibre bundles (or ‘chips’) through the polymer and fully wetting them (Hull and Clyne, 1996). 
This also compacts the compound and helps to reduce any voids and air bubbles. This 
process is shown in Figure 2.1. An alternative process is to slice unidirectional (UD) prepreg 
into chips of a desired size (Aubry, 2001). These are then deposited onto a carrier film and 
calendered to form a sheet, reducing the void content. There is a substantial cost difference 
in the material produced from these two manufacturing processes, with the chopped tow 
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material having a bulk price in the region 20€ kg-1, whilst the chopped pregreg material has 
a price in the region of 50€ kg-1 
 
Figure 2.1 Schematic diagram of the production of sheet moulding compound by the chopped tow process. In-process 
monitoring such as weight and thickness measurements are not shown. 
At this point it is worth discussing the distinctions between glass fibre-reinforced SMC (G-
SMC) and C-SMC. G-SMC has been in use for many years for a variety of purposes, from 
providing lightweight body panels with Class A surfaces (high aesthetic quality, suitable for 
an exterior finish) for the transport industry (Boylan and Castro, 2003; Cabrera-Ríos and 
Castro, 2006; Kia, 2008; Palmer et al., 2010), through to situations where harder wearing 
plastics are required, such as internal areas of commercial aeroplanes. These applications 
have rarely been structural or semi-structural, with the requirement for reduction of weight 
taking precedence over the mechanical properties (Reinforced Plastics, 1995). G-SMC 
normally contains reinforcement from 10 mm in length through to particulate 
reinforcement with an aspect ratio of 1 (with glass fibres having diameters from 5 µm – 25 
µm depending on the fibres used for the product), although longer fibres up to 150 mm 
length are sometimes used (Harper et al., 2008) . With these materials aiming for low 
specific gravity they also usually contain fillers such as carbon black, chalk and, more 
recently, hollow glass microspheres (Oldenbo, Fernberg and Berglund, 2003; Isitman, Aykol 
and Kaynak, 2012; Yalcin, 2015). In addition to this, the resin is usually a thermoset with the 
addition of up to 30% by weight of a thermoplastic to act as a low profile additive (LPA) 
where the ‘low profile’ refers to their low shrinkage during cure and cooling (Li and Lee, 
1998; Oldenbo, Fernberg and Berglund, 2003; Kia, 2008). The purpose of the thermoplastic 
is to reduce the mould shrinkage, resulting in less fibre readout (where fibres stand proud of 
the surface, resulting in a rough texture) and therefore a higher quality surface (Kia, 2008; 
Wang and Iobst, 2008).  
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C-SMC, however, is generally intended for structural and semi-structural uses. Whilst visible 
surfaces are still required to have a high surface quality, the usage of fillers and LPAs cannot 
be exploited to the same degree due to the negative effects these will have on the 
mechanical properties. Whilst LPAs can provide a degree of toughening, much like the 
addition of rubber particles, the particle sizes for necessary for this toughening do not allow 
the LPA to function in reducing the shrinkage (Bucknall, Partridge and Phillips, 1991). 
Conversely, the size of LPA particles necessary for reducing the shrinkage is too small to 
improve the fracture toughness and actually decreases it (Chan-Park and McGarry, 1996). 
Improved mechanical properties require a higher fibre volume fraction and longer fibres for 
C-SMC compared to G-SMC. The fibres in C-SMC are around 25 mm – 50 mm in length 
resulting in improved reinforcement (Aubry, 2001; Feraboli, Peitso, Deleo, et al., 2009). The 
reason for this has not been investigated in the literature currently but is considered to be 
due to increased fibre bridging (discussed later in this Chapter). 
Given the aim of structural usage for C-SMC, a consideration of the alignment of fibres is 
essential. With the deposition method discussed above, the chips are generally assumed to 
fall in a two-dimensional random orientation, resulting in a quasi-isotropic material. To refer 
to C-SMC as randomly oriented is not entirely accurate as there is a slight effect of 
alignment as a result of the deposition process, and calendering may also result in further 
alignment. This has led to the development of several different techniques to align fibres in 
SMC and these can generally be split into three different types: hydrodynamic, pneumatic 
and electromagnetic (Yu, Potter and Wisnom, 2014). 
Alignment through hydrodynamic techniques is achieved through suspending the fibres in a 
fluid. The fibres are then deposited onto a carrier film, during which they are then either 
oriented using an orientation head, which is comprised of parallel plates with narrow 
spacing to orient the fibres, or the fluid is forced through a nozzle which orients the fibres, 
similarly to the fibre orientation effect in injection-moulded composites (Yu, Potter and 
Wisnom, 2014). Electromagnetic techniques use either an electric or magnetic field to align 
the fibres in relation to the field direction as they fall; these techniques require pre-
treatment of the fibres to provide them with an electrostatic charge, or to magnetise them 
(Yu, Potter and Wisnom, 2014). Finally, pneumatic techniques function similarly to 
hydrodynamic techniques, using air velocity rather than water velocity to align the fibres, 
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either blowing to align them as they fall, or forcing the fibres through a nozzle at higher 
velocities to align them as they leave the nozzle (Harper et al., 2008, 2010). Pneumatic 
techniques have also been investigated in the process of “directed carbon fibre preforming” 
(DCFP), where a chopper head and nozzle are mounted on a multi-axis robotic arm. This 
nozzle sprays a mix of chopped fibres and a powdered polymeric binder directly onto the 
tool surface, minimising wastage and ensuring that fibre alignment occurs at the right 
amount in the right places in the tool (Harper et al., 2008). Multiple passes build up the 
thickness and can result in multi-orientations, similarly to how a laminate is built up from 
prepreg. Once the preform has been finished, the resin is introduced, and it is compression 
moulded to cure, as in conventional SMC manufacturing, as well as densifying the 
component and correctly finishing the shape.  
2.4 Manufacture of Components from Sheet Moulding Compound 
2.4.1 Introduction to Manufacture of Components from Sheet Moulding Compound 
In the previous section the importance of the reinforcement orientation on properties of 
the material was discussed. This has a high dependence on the form of manufacture of the 
component, from the charge shape and the flow of the material in the mould. This is in turn 
affected by the flow interaction between the resin and the fibres, which is dictated by the 
resin viscosity during the flow process. This section considering the manufacture of 
components therefore discusses the cure kinetics of epoxy resins particularly with regard to 
their change in viscosity, and then more general factors involved in the manufacture. 
2.4.2 Effect of Cure Kinetics on Component Manufacture 
SMCs make use of thermosetting polymer matrices rather than thermoplastics, with vinyl 
esters being the most common, and epoxy systems also available. As such, the viscosity of 
the matrix changes during the curing reaction, which in turn affects the flow, mould filling, 
and cure of the final component. To understand the effects of these resin changes, consider 
the simplest case of processing and curing of an epoxy system. 
Initially a prepolymer is produced by reacting an excess of epichlorohydrin with bisphenol-A 
(BPA), in the presence of an alkali such as sodium hydroxide. This produces the typical 
bisphenol-A diglycidyl ether (DGEBA, or BADGE) epoxy resins (this structure is shown in 
Figure 2.2), which are commonly used in the aerospace and automotive industries. 
 10 
 
 
 
 
 
Figure 2.2 Bisphenol-A diglycidyl ether structure (National Center for Biotechnology Information, 2005) 
This epoxide-containing prepolymer is then reacted with a multi-functional amine (for 
example, a diamine; H2N-R-NH2) to cure the prepolymer via a polyaddition reaction with the 
terminal epoxide groups. This leaves a hydroxyl group from opening the epoxide ring, which 
can then react in turn with additional epoxide rings. This process is shown in Figure 2.3. This 
is the three-stage process of curing the BADGE oligomer with a diamine, which goes from 
linear coupling of the amine and epoxide group, the formation of a branched structure (the 
second epoxide group reacting with the amine), and finally, crosslinking from the 
etherification reaction of further epoxide groups with the hydroxyl group. 
 
Figure 2.3 Polyaddition reaction of an epoxide group with an amine, and with a hydroxyl group (Fink, 2013) 
This three-stage curing process results in increasing molecular weight through the linear 
addition reaction, and an increase in cross link density. Both of these result in an increase in 
the stiffness of the polymer chains and a change in the viscosity of the polymer. Considering 
the viscosity of an epoxy resin system, as measured by dynamic mechanical analysis (DMA) 
in three-point bending at four different isotherms (Figure 2.4), the cure process can be 
understood. Initially there is a reduction in the viscosity, shown in the initial stage of Figure 
2.4. At this stage, prior to the reduction in viscosity, the prepolymer and the hardener have 
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been combined and a small amount of curing reaction has taken place. The resin at this 
stage is a viscous fluid, and behaves initially like a thermoplastic in that the viscosity 
decreases as time and temperature increase (Roller, 1975). This is commonly referred to as 
the B-stage of the resin, and is the format that prepreg composite sheets and SMC materials 
are supplied in prior to lay-up and manufacture. As the resin is exposed to temperature it 
softens and the viscosity drops. In a prepreg material this allows for compaction and 
removal of additional air and voids, and full wetting out of the fibres. After a short period of 
time the at this stage (the length of time depends on the temperature and the system), the 
viscosity starts to increase due to the increasing linear molecular weight and reduced 
mobility of the polymer chains. The viscosity then rapidly increases to the point where the 
molecular weight can be assumed to be infinite; that is that all monomers have become 
connected to the network and the rate of increase in the viscosity reduces. This point is 
known as gelation. Beyond this point there is no longer any increase in molecular weight, 
only in cross-link density, although the rate of reaction remains the same at the point of 
gelation (Brostow, Goodman and Wahrmund, 2014). As the resin continues to cure beyond 
this point, vitrification is reached. This is the point at which the material transitions from a 
rubbery state to a glassy state. 
 
Figure 2.4 Viscosity vs Time graph for cure of an epoxy resin system at different temperatures. Viscosity is determined by 
three-point bending DMA. After Brostow, Goodman and Wahrmund, 2014 
 12 
 
For a sheet moulding compound, it is the initial reduction in viscosity that allows for flow 
stage of the material to fill the mould. For vinyl ester matrix materials, this is relatively 
straightforward with the reduction in viscosity being sufficient to allow for flow of the 
material to fill the mould, whilst still being sufficiently viscous to carry the reinforcement 
during the flow stage to avoid the resin filling the cavity without the reinforcement. This 
allows a single stroke of the press for heating, compression, and curing. For many epoxy 
resin SMCs, the viscosity reached following heating of the B-stage is too low to allow the 
flowing resin to carry the fibres. Instead, the press must be closed to touch the charge on 
both sides to heat the charge until the viscosity has started to increase, and then the press 
can fully close to compress the charge to flow and fill the mould cavity. Currently this 
requires an extensive trial-and-error approach to tailor the charge dimensions, length of the 
zero-pressure dwell, and the duration of the compression step. Incorrect timings can result 
in short shots, failure of the resin to carry the reinforcement, and loss of an excessive 
quantity of resin in the flash. 
The necessary experimental methods to fully characterise a neat resin system in terms of its 
kinetics, flow characteristics, and thermal properties is well understood (Zarrelli, Skordos 
and Partridge, 2002) and this has been useful for considering warpage, material flow, and 
thermal flow within prepreg and RTM components. There has been difficulty in applying this 
work to SMC materials due to the complication of fibre-fibre interactions during the flow, 
and differences in the properties of the tows in the longitudinal and transverse directions 
combined with their varying tortuosity and orientation during the process. This is discussed 
more in Section 2.5.5 in terms of simulation and predictive capabilities. 
2.4.3 Manufacture of Components 
The DCFP process discussed in Section 2.3 combines both SMC manufacture and lay-up of 
the charge in the mould cavity into one step and is relatively new. The more common 
process used for manufacture of components from SMC is to cut the material from the 
prepreg like sheets, as discussed in Section 2.3, lay these up in the heated mould cavity and 
then to compression mould the component. The steps for this are laid out in a schematic 
flow chart in Figure 2.5. 
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Figure 2.5 A schematic flow chart of the processes for manufacture with SMC 
During the first stage shown in Figure 2.4, the volume of material to charge the mould is 
determined by the mass. The raw SMC is therefore cut and weighed until the correct mass 
has been set aside. This is then laid up in the mould cavity, which is part of a heated tool. As 
soon as the tool has been charged, it is closed with the force required to establish a 
predetermined pressure within the mould cavity. The heat of the tool temporarily reduces 
the viscosity of the SMC (as discussed in Section 2.4.2) sufficiently for the charge to flow and 
fill the mould completely. The tool is then kept closed whilst the SMC cures (Kluge et al., 
2015). It should be noted that the temperature of the tool is not varied and is kept at 
elevated temperature through the process, enabling rapid manufacture instead of waiting 
for the large steel tools to cool and reheat.  
Once the component has cured, the tool is opened and the component de-moulded prior to 
cooling and any necessary machining. The tool is then sprayed with compressed air to 
remove any debris, before being coated with a mould release agent and the next charge laid 
up. It is clear from this overview of the process that there are many factors that can affect 
the properties and quality of the components being produced (Kim et al., 2011). For 
example, the way in which the SMC is cut and how the charge is laid in the mould cavity can 
affect the fibre orientation, having resin rich or dry areas, cold joins, void content and 
distortion of the component. The effects of these various factors on various aspects of the 
manufacturing process are indicated in Table 2.1. 
The lay-up of the charge in the mould will affect how far the charge has to flow to fill the 
mould, which in turn will affect the fibre orientation distribution, as well as the directions 
the charge will flow in. This occurs as over an increased flow length, there is a greater 
chance for viscous drag to orient the fibres to align in the flow direction, as in injection 
moulding (Yang, Huang and Li, 2010). In addition to this, the flow length itself affects the 
viscosity of the charge. The matrix, when in the fluid state, acts in a non-Newtonian manner 
and experiences shear thinning during the compression process (Lin, Weng and Ho, 1997; 
Lin and Weng, 1999; Kluge et al., 2015), however, over longer flow distances the matrix will 
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begin to cure (although this is also a function of the press temperature and the closing 
speed) (Kim and Im, 1997). This results in increased viscosity. Over longer flow distances, 
the effect of increased friction between fibres also leads to increased viscosity (Lin, Weng 
and Ho, 1997; Kluge et al., 2015). The effect on the fibre orientation distribution caused by 
the lay-up of the charge will also then affect the warpage of the final component due to the 
mismatch of the coefficients of linear thermal expansion (CLTE) between the fibres and the 
matrix (Kia, 2008). The fibres will resist cooling shrinkage along their lengths, but the matrix 
can contract between the fibres. How the charge is to be laid up will also affect how the 
charge is cut from the sheets of raw SMC.  
Table 2.1 Effects of manufacturing variables on components 
Variable Effect 
Fibre 
length 
Fibre 
orientation 
Uneven 
resin 
distribution 
Weld 
lines 
Voids Overspill Cracking Distortion/ 
Warp 
How the 
SMC is 
cut 
√ √  √    √ 
How the 
mould is 
charged 
 √  √ √ √  √ 
Time 
taken to 
charge 
the 
mould 
 √ √ √ √    
Time 
taken to 
close the 
tool 
  √ √ √    
Cooling       √ √ 
 
As discussed above, the charge may begin to cure before the mould has been filled, which 
will increase the viscosity and may cause other issues, such as increased void content. As 
such, the time taken to load the charge into the mould cavity can have several different 
effects on the final component. When the charge is initially in contact with the heated tool, 
the surfaces in contact soften and provide a thin, lubricating layer for the rest of the charge 
to flow over (Abrams and Castro, 2003; Boylan and Castro, 2003; Shokrieh and Mosalmani, 
2014; Kluge et al., 2015). As time goes on, however, the matrix starts to cure. Alongside the 
effects mentioned above, an overly long time to charge the mould may also result in 
increased warpage as the material in contact with the lower half of the mould will be heated 
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for longer than the material that will be in contact with the upper half. This will affect the 
flow on each side of the mould, as well as the curing and thermal profiles through the 
material. This effect may also be observed if the mould closing speed is too slow, allowing 
the lower half of the component to sit against the heated tool for an extended period of 
time whilst the press closes (Tseng and Osswald, 1994; Shokrieh and Mosalmani, 2014). 
The mould closure speed also affects the filling of the mould. A more rapid closure results in 
increased internal pressure in the charge, which in turn causes increased shear thinning 
leading to more jetting of the material from the centre thickness of the charge (Odenberger, 
Andersson and Lundström, 2004; Kluge et al., 2015). This can lead to more tortuous fibre 
orientation (instead of remaining relatively straight, the fibres can become bowed in the z-
axis, reducing the efficiency of the reinforcement for in-plane properties) and void 
formation. However, it also ensures that the charge receives a more uniform and consistent 
thermal profile during the curing stages. 
Once the component has been cured it must be cooled. As mentioned above, the CLTE leads 
to residual stress which is responsible for warpage of the component (Kia, 2008). To manage 
this, the cooling process must be controlled so that the component can cool evenly without 
excessive dimensional distortion (discussed further in section 2.5). In addition to this, 
differential cooling, particularly with regard to thick sections (10 mm surface to surface) may 
result in cracking as the surface areas cool and shrink faster, resulting in them pulling away 
from the cores. These moulding defects are discussed further in Section 2.5. 
2.5 Manufacturing Defects in Sheet Moulding Compound 
2.5.1 Introduction to Manufacturing Defects in Sheet Moulding Compound 
As discussed in the previous section, during the compression moulding process the charge 
deforms and flows to fill the mould. The mould is then held closed until the component has 
completely cured, at which point the component is removed from the still hot mould to 
cool. After the cooling process has completed, components are often found to be outside of 
dimensional tolerance, with areas having warped, with surface waviness and sink marks, 
and with weld lines causing structural problems. In this section the literature pertaining to 
these moulding defects is evaluated for how these problems can be mitigated or avoided 
altogether. It should be noted that the literature relating directly to these issues in 
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compression moulding is scarce, and so literature relating to injection moulding has been 
used extensively to examine the sources of these defects.  
2.5.2 Warpage 
The warpage of components has been an issue in manufacture for both unfilled polymers 
and polymer composites. Starting with the simplified case of warpage in unfilled polymers, 
firstly consider the case that polymers shrink during manufacturing; cure shrinkage during 
manufacture (in thermosets), and then as mould shrinkage during cooling (Zheng et al., 
1996). It is evident that if there is any difference in the shrinkage, either through the 
thickness of the component, across a region of the component, or different shrinkage in 
different directions, this will leave residual stresses within it (Weitsman, 1978; Zheng et al., 
1996; Jensen and Jakobsen, 2016). If these residual stresses are sufficiently large compared 
to the flexural stiffness of the component, the component will warp (Kikuchi and Koyama, 
1996). Certain processing conditions were related to these differences in shrinkage, namely 
uneven moulding pressure across the component, and variable mould temperature 
(Mlekusch, 1999). Semi-crystalline polymers (thermoplastics) were found to be more prone 
to warpage than amorphous polymers (thermosets). This was found to be related to the 
molecular orientation (Chang and Faison, 2001) within the thermoplastic, which was related 
back to the processing conditions with uneven pressure distribution within the mould. In 
thermosets, the warpage was related to uneven heating causing different cure times within 
different parts of the mould which resulted in different cure shrinkages. These conditions 
also affect the molecular orientation and packing during the cure. In thermoplastics it has 
been found that increasing the moulding pressure after the onset of freeze can reduce the 
warpage (Young, 2000), which has been applied for gelation in thermosets. In addition to 
these effects, the inclusion of thicker sections in a component can result in differential 
cooling, which can result in warpage, with different shrinkage taking place across the 
thickness (Zheng et al., 1996). When reinforcement is added to the polymer, the 
contribution of the processing parameters discussed above to the final warpage reduces 
rapidly, with effects relating to the reinforcement found to be the main cause of warpage in 
polymer composites (Kikuchi and Koyama, 1994; Tseng and Osswald, 1994; Zheng et al., 
1996; Michii et al., 2008). That this is directly related to the differential shrinkage between 
the resin and fibre has been demonstrated through a relatively simple experiment where 
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neat resin was moulded onto an aluminium strip, forming a bimaterial strip (Zarrelli, 
Partridge and D’Amore, 2006). This was fixed in a single cantilever configuration and the 
vertical displacement of the strip along its length measured throughout an isotherm for 
curing of the resin, and cooling of the bimaterial strip. This found that there was a small rise 
in the displacement during the curing phase, relating to cure shrinkage, but the large levels 
of deformation seen were related to the cooling of the material, where the differences in 
coefficients of linear thermal expansion were the cause (Zarrelli, Partridge and D’Amore, 
2006).  It was found that, of a total maximum deflection of 5.4 mm, 1.7 mm was due to 
differential cooing, 0.2 mm due to differential shrinkage and 3.6 mm due to orientation 
effects (Zheng et al., 1996). The reinforcement affects the warpage through differences in 
the local fibre volume fraction and in the fibre orientation distribution (Kikuchi and Koyama, 
1994; Michii et al., 2008). The reinforcing phases in polymer composites have much lower 
coefficients of thermal expansion than the matrix phase (Table 2.2). This results in areas of 
higher fibre volume fraction having reduced shrinkage compared to areas of lower fibre 
volume fraction. This can cause warpage, demonstrated by the comparison of warpage of a 
polymer composite where the reinforcement has an aspect ratio of 1, to that of the unfilled 
polymer (Kikuchi and Koyama, 1994).  This effect can also be seen in the use of 
preimpregnated composite sheets, where a resin rich layer builds up on the tool side of the 
component and a resin poor area builds up adjacent to the bleeder ply (Radford, 1995). 
In areas of aligned fibres, the shrinkage will be different in the transverse and longitudinal 
directions, with greater shrinkage in the transverse direction than the longitudinal. This will 
result in warpage of the component. Again, this can be compared to the use of prepreg 
composite plies to manufacture a laminate, where balanced and symmetric lay-ups are 
crucial to prevent warpage of the component. This fibre orientation effect is compounded if 
the fibre orientation distribution varies across the component. It has been found that the 
best way to reduce the warpage is to simulate the moulding process and the fibre 
orientation distribution, allowing the moulding parameters, including the charge lay-up to 
be optimized (Tseng and Osswald, 1994; Yuan et al., 2016). 
 
 
 18 
 
Table 2.2 Coefficients of Thermal Expansion for typical matrix and reinforcement materials for polymer composites (Agarwal 
and Broutman, 1980; Hull and Clyne, 1996) 
  Coefficient of Thermal 
Expansion (10-6 K-1) 
Matrices Epoxy Resins 60 
Polyesters 100-200 
Nylon 6, 6 90 
Polypropylene 110 
Fibres E-glass 5.4 
Kevlar-49 -2.3 to -4.0 
Graphite 0.045 
 
2.5.3 Surface Quality & Sink Marks 
The shrinkage of the polymer compared to the reinforcement phase leaves a surface quality 
issue for sheet moulding compounds, as it does for injection moulded composites; namely 
that shrinkage through the thickness leaves fibres on the surface standing proud (Wang and 
Iobst, 2008; Michaeli and Kremer, 2011). This is referred to as fibre read-out, or surface 
waviness, and is an issue in the use of these materials for visible areas, particularly for the 
automotive industry, which requires a Class A surface finish on visible areas. The approach 
in non-structural materials, such as the more traditional glass fibre based moulding 
compounds used for body panels, is the more extensive use of particle fillers such as chalk, 
or hollow microspheres, low profile additives such as thermoplastics, and a reduction in 
fibre volume fraction (Chan-Park and McGarry, 1996; Li and Lee, 1998; Yalcin, 2015). When 
using moulding compounds structurally or semi-structurally, however, these approaches are 
not appropriate due to the corresponding reduction in mechanical properties. It is 
particularly interesting to note that LPAs as a sole additive do little to aid in shrinkage, 
shown by the addition of up to 8 wt% PVA to a polyester resin, which increased the 
shrinkage (Bucknall, Partridge and Phillips, 1991). It was the addition of the LPA at a high 
level (approximately 16 wt%) in conjunction with a filler (in this instance, calcium carbonate) 
that resulted in the reduction of shrinkage. It was hypothesised by the authors that it is the 
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filler that resists the shrinkage, whilst the LPA allows the increased internal stresses to be 
absorbed by causing cavitation within the precipitate LPA particles. It was also noted that at 
the level of LPA addition required for reduction in shrinkage, the LPA produces a continuous 
morphology, which is associated with a reduction in the fracture toughness (Bucknall, 
Partridge and Phillips, 1991). This contrasts with lower levels of LPA, which act as a 
toughening agent in the resin system. 
 
Figure 2.6 Schematic diagram of the cross-section through a rib showing the associated sink mark 
In addition to the fibre read-out, the surface quality suffers through the appearance of 
features known as sink marks. In a sink mark the surface lowers or “sinks” on the opposite 
surface to a design feature such as a rib or insert, such as in the schematic diagram in Figure 
2.6 (Dziewatkoski et al., 1994; Kim, Jeong and Im, 1997). This is due to the altered flow of 
fibres in the region of the feature, which alters the orientation distribution and the 
dispersion of the fibres in the region. This results in a reduced fibre volume fraction in the 
area directly over the feature, which will then experience a greater volumetric shrinkage 
(Kim, Jeong and Im, 1997). This is then the cause of the sink mark. It has been found that a 
reduction in the moulding pressure at the onset of the cure exotherm can reduce the effect 
of the sink marks (Dziewatkoski et al., 1994), although this is the opposite of what has been 
found to decrease the warpage (Young, 2000). A further study found that increasing the 
moulding pressure by approximately 100 bar to 400 bar (depending on the geometry of the 
feature on the opposite face) could substantially reduce the sink marks to a level below that 
of visual perceptibility (Gruber et al., 2011). 
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2.5.4 Weld Lines 
The use of multiple charges in compression moulding causes a similar issue to the use of 
multiple gates in injection moulding – the formation of weld lines. These form when two or 
more flow fronts, which have already gelled meet and do not properly mix. They result in 
poor bonding across the weld line, increased porosity and void content due to gas bubbles 
caught in the flow fronts from jetting and out-gassing of volatiles (these are not an issue 
elsewhere in the component as they escape as the edges of the mould, within the flash). 
Further to this, there are no fibres crossing the weld line, and alignment of fibres parallel to 
the weld line (Lim and Shoji, 1993; Rabello et al., 2001; Janko et al., 2015). 
The weld line has been shown to result in a reduction of tensile strength to 50% of that 
away from the weld line, and 20% of the bending strength (Lim and Shoji, 1993). The 
increased porosity has also been shown to result in a further reduction in this strength 
through weathering, as the increased porosity at the weld line enables a greater absorption 
of moisture, particularly along the fibre-matrix interface (Rabello et al., 2001). Altering 
processing parameters such as the injection time have been shown to reduce the size of the 
weld line in injection moulding, but compression moulding must rely on design of the charge 
to reduce the meeting of flow fronts (Janko et al., 2015). 
2.5.5 Predictive Capability of Manufacturing Defects 
The manufacturing defects that are exhibited by SMC components are understood at a basic 
level – what they are and how they form. This has led to many rules-of-thumb to avoid 
these defects, but usually these relate to removing the defect to a less critical area than 
being able to mitigate the defect entirely. These rules-of-thumb include such things as not 
locating ribs on the rear of class A surfaces, and avoiding sudden changes of thickness to 
reduce the effects of warpage. As much of this, however, is controlled by the flow of 
material, the orientation distribution and the cure and cooling shrinkages, the true state of 
the defects in these designs is not known until the manufacture of components has started. 
This leads to a time consuming and expensive (both in manpower, machine time, and 
material cost) development process where the charge and any related jigs and fixtures are 
matured through an iterative trial-and-error approach. This can become even more costly if 
it becomes apparent that design changes are required, leading to changes to the mould 
tool. As such, it is evident that if these could be predicted prior to manufacture of tooling, 
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considerable expense could be saved. This process is well understood for injection 
moulding, with commercially available software such as Moldflow and Moldex3D used 
extensively within the industry to simulate manufacture and predict defects. This is then 
used in an iterative process through the design of the component to design component, 
tool, and process through simultaneous engineering. These simulations for injection 
moulding have progressed as far as being able to simulate and predict the fibre orientation 
distribution within the moulded component (Vincent et al., 2005; Wang and Jin, 2010; Foss 
et al., 2014), with these simulations able to be exported to finite element analysis packages 
for effective stress analysis. 
It is therefore unsurprising that both products are now trying to expand their capability to 
prediction of compression moulding for SMC. This has considerable difficulties over injection 
moulding, due to the change of the flow (modelling the starting point of the material, 
compared to flow through gates), the variations in viscosity through the moulding process, 
longer reinforcement with associated interactions between the tows, and tortuosity of the 
reinforcement which is not seen in the shorter reinforcement used in injection moulding. 
Currently, success using these simulations has been achieved with simple flat panels (Yang Li 
et al., 2017; Martulli et al., 2019), but there is currently a large gap in the literature in 
assessing the accuracy of these simulation tools against representative components, which 
is preventing uptake of the software by both OEMs and Tier 1 manufacturers (the usual 
providers of simulation capability for injection moulding).  
2.5.6 Summary of Manufacturing Defects in Sheet Moulding Compound 
The differential shrinkage of discontinuously reinforced polymer composites due to 
variations in thickness, fibre orientation and fibre distribution results in warpage, and this is 
best managed by simulating the moulding process to ensure the optimum charge design, 
placement, and moulding parameters. Sink marks will remain a feature when using ribs and 
inserts in components made using moulding compounds, as reducing the pressure would 
have more negative effects on the component than the sink marks leave. Use of a cosmetic 
skin layer over the discontinuous material will cover both the sink marks and fibre read-out 
if these components are to be visible, and the use of a gel-coat or lacquer can aid where 
fibre read-out alone is an issue.  Weld lines provide considerable structural weakness as well 
as poor surface quality due to their increased void content. They should be negated during 
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the design process, or, if unavoidable, minimised through simulation or empirical trials and 
placed in low-stress and non-visible areas. Currently the levels of warpage witnessed in C-
SMC components are too large for allowable tolerances (±1 to 2 mm depending on 
application), increasing the scrap rates and therefore cost of these components. In addition, 
whilst the positioning of weld lines can be altered for structural purposes, the poor visual 
quality of sink marks, fibre read-out and weld lines places firm constraints on the possible 
locations that these components can be used in the automotive industry, providing another 
barrier to the uptake of this material. 
Predictive capability for these manufacturing defects would greatly improve the ability to 
use these materials, as well as reducing cost to get products to market, but currently these 
is a gap in the literature on assessing the capability of the predictive tools available for 
representative components, with the literature focussing on the moulding of flat panels. 
2.6 Computed Tomography of Polymer Composites 
2.6.1 Introduction to Computed Tomography of Polymer Composites 
As the applications and uses of composite materials become more widespread, and the 
engineering design more efficient, there is considerable and growing interest in non-
destructive testing techniques. These seek to evaluate defects in manufactured components 
such as voids and porosity, delaminations, fibre waviness, and resin rich regions. They also 
aim to improve and to validate finite element models. There are several techniques 
available for non-destructive testing of composite structures, such as ultrasound, 
thermography, terahertz spectroscopy, and micro-computed tomography (µCT). 
Ultrasonic inspection has been used to measure porosity, lay-up and stacking errors in 
continuous fibre composites, imaging impact damage, and detecting ply waviness in 
laminates. For measurement of porosity, this is determined by attenuation of the signal, 
however, it becomes very difficult to establish a GO/NO-GO criterion without extensive data 
of the material and structures for both good and bad conditions. For stacking errors and 
impact damage, the technique requires time-gating of the signals to correspond to 
particular ply boundaries. The equipment is small enough and the analysis fast enough for 
this technique to be used in-situ or on a production line, however, it is not appropriate for 
C-SMC materials due to the lack of control over the individual tows and the high level of 
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waviness that is inherent in the fibre architecture of components made from these 
materials.  
Thermography techniques use the thermal conduction of the material to either look for the 
source of damage through the heat generated by the damage, or by externally heating the 
specimen over a long or short period of time and looking for inconsistencies in the heating 
of the sample. This is visualised by using an infrared camera to image the specimen during 
the application of energy. This technique has shown usefulness in detecting the location of 
delamination in certain materials. Terahertz spectroscopy is similar to thermography but 
applies electromagnetic radiation in the terahertz frequency range and is only applicable to 
dielectric composite materials. 
Micro-computed tomography uses x-rays to create a three-dimensional virtual model of a 
specimen. To generate this, x-rays are passed through the specimen to a detector, imaging 
changes in density. Either the sample or the generator-detector apparatus is rotated around 
an axis allowing multiple images to be obtained at different angles. These are then compiled 
by post-processing software into a single three-dimensional model. The resolution is 
dependent on the energy of the x-rays, along with the specimen size, and the angle of 
rotation. This technique is able to visualise the meso-structure, and possibly the micro-
structure depending on sample size, allowing voids, damage, delaminations, ply directions, 
ply waviness to be detected and measured, from one technique. The cost of equipment, 
limitations on sample size, and time to analyse a component are the downsides to this 
technique. 
Of these technique, micro-computed tomography (µCT) is the most effective at fulfilling all 
of these needs and providing a 3D measurement of these defects (Pinter et al., 2018). 
Concerning carbon fibre-reinforced sheet moulding compound, the main application of µCT 
is to characterise the fibre orientation distribution (FOD) at a local level. This literature 
review examines the previous use of µCT to characterise polymer composites. The literature 
review will start with a discussion of the limitations of computed tomography as a technique 
for characterising polymer composites, and will then discuss its use to characterise the FOD 
in composites and the different methods in which the FOD can be obtained from the scan 
data. The use of the technique to characterise voids and porosity within polymer 
composites is then discussed. The literature regarding the application of computed 
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tomography to examine the micromechanics of composites is evaluated, before a discussion 
of how the capabilities provided by characterising the features discussed has been used in 
FE analysis. 
2.6.2 Limitations of Computed Tomography in Polymer Composites 
Whilst µCT can produce 3D visualisations of a sample or component at a maximum 
resolution of approximately 1 µm px-1 (Hu et al., 2014), this technique does have its 
drawbacks. One of the major drawbacks is that in carbon fibre-reinforced polymer 
composites the matrix and the reinforcement have very similar X-ray absorption, resulting in 
poor contrast (Garcea, Wang and Withers, 2018). This can make distinguishing the 
reinforcement from the matrix very difficult and reduce the resolution; improvements, by 
using phase contrast, are possible but this requires high energy X-rays such as those 
produced at synchrotron facilities (Hu et al., 2014) which are not available in standard 
laboratory equipment. As such, frequent or long-term use of phase contrast imaging is 
unviable, especially as a commercial NDT technique as part of a manufacturing process. 
Alternatively, a dye of high atomic weight (e.g. zinc iodide) can be applied to the component 
to provide contrast but this either needs to be introduced during manufacture, or else 
through surface cracks (Garcea, Wang and Withers, 2018). The dye can however, reduce the 
mechanical properties and leave staining on the surface. In addition, these contrast dyes 
This makes it suitable for post-destructive lab testing but remains unsuitable for 
incorporation into a commercial manufacturing process. 
Another factor limiting the resolution is the sample size. There is a rule-of-thumb that the 
sample size can only be approximately 1000-2000 times the size of the smallest feature to 
be characterised (Garcea, Wang and Withers, 2018). This is based on pixel resolution limits 
and the need to fit the whole object within the field of view to allow the reconstruction of 
the data to take place. Thus, to image carbon fibres of diameter 7 µm, a 7 mm sample would 
be required. The resolution limit of a large sample can be partially overcome by several 
adaptions to the technique. The first is to take multiple scans of smaller areas of a larger 
component and stitch these together. The second is to take a region of interest approach, 
where an initial, coarser scan is used to pinpoint regions for further high-resolution scans. 
The third approach is laminography: in this technique, the focal point of the beam is 
adapted so that a single layer is scanned at a time, with the other layers out of focus. The 
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sample is then moved through its thickness allowing the layers to be scanned individually 
(Garcea, Wang and Withers, 2018). A major limitation of this technique is the time taken to 
repeatedly scan components, making NDT via µCT unattractive as a commercial quality 
assurance process, whilst the cost of the equipment (approximately £1 million) is often 
prohibitive for implementation. 
2.6.3 Characterisation of Fibre Architecture by Computed Tomography 
Despite the limitations of the technique, µCT has been used for many years as a NDT 
characterisation technique. The capability to determine the fibre orientation and length 
distributions in a short fibre composite was first demonstrated using glass fibres embedded 
in a phenolic foam (Shen, Nutt and Hull, 2004). The materials were chosen to ensure a high 
contrast, allowing high resolution (3 µm), which in turn enabled the imaging of individual 
fibres. Until the use of computed tomography the main technique of determining the fibre 
orientation was destructive, taking sections from a sample and examining them via optical 
microscopy (Shen, Nutt and Hull, 2004; Bernasconi, Cosmi and Hine, 2012). When the two 
techniques were compared it was found that not only was the optical technique destructive, 
but that it required very particular sections as fibres transverse to the section edge proved 
very difficult to measure. In comparison µCT provided accurate information in three 
dimensions with no destruction of the sample (providing that the sample is sufficiently small 
for the details to be measured, or the expense of laminography is appropriate) (Bernasconi, 
Cosmi and Hine, 2012).   
Further studies have also taken the approach of imaging individual fibres, with some using 
glass fibres allowing higher resolution (Emerson et al., 2017; Nciri et al., 2017), carbon fibres 
(Emerson et al., 2017), or polymer fibres in concrete (Mishurova et al., 2018). These studies 
all used small test samples to allow for high resolution and imaging of individual fibres. With 
recent developments in structural and semi-structural discontinuous fibre composites 
manufactured from platelets of cut or slit prepreg, and from chopped tows, there has been 
a recent study looking at the FOD in a platelet based composite (Denos, Kravchenko and 
Pipes, 2017). Whilst this study still has a high resolution (voxels of dimensions 15 µm), the 
orientation has been calculated for each platelet, rather than for individual fibres. 
Previously, this has been carried out by de-plying the composite, or by successive grinding 
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and polishing of sections of the composite from one surface through the z-direction, with 
measurements of angles taken. 
There are several ways of calculating the fibre orientation distribution from the 
visualisations obtained by µCT. When individual fibres have been imaged the fibre centres 
can be found and plotted on each image in the stack. These can then be related between 
the stacks and the fibre orientations plotted (Emerson et al., 2017; Pinter et al., 2018). This 
technique requires high resolution and high contrast images (Pinter et al., 2018) 
Alternatively, local features can be used to apply image analysis techniques such as 
anisotropic Gaussian filtering, Hessian matrix calculation and structure tensor calculation 
(Pinter et al., 2018). The structure tensor has been used in the literature previously 
(Straumit, Lomov and Wevers, 2015), and when compared to the other image analysis 
techniques was found to have optimal parameters and performance for most structures, 
and could be applied to low contrast materials such as carbon/epoxy composites (Pinter et 
al., 2018). Methods built into commercially available software are also used to determine 
the orientation distribution, such as Fiji tools (which uses a thresholding approach) within 
the free ImageJ software (Nciri et al., 2017), and within the VGStudio software (that uses a 
density gradient approach like that of the structure tensor) that is widely used for µCT 
analysis (Denos, Kravchenko and Pipes, 2017). 
2.6.4 Characterisation of Voids and Porosity by Computed Tomography 
For µCT to be a capable NDT technique, accurate determination of void content, size and 
morphology is required. Several studies have examined this and looked to improve upon the 
accuracy of measurement of voids. Early use of µCT to characterise the porosity and voids 
relied on thresholding of the grey values of pixels in the images, but due to low contrast this 
led to errors within the determination of void content (Nikishkov, Airoldi and Makeev, 
2013). A solution was proposed that used contours of grey values to determine averages for 
air and material. This technique was verified by examination of a carbon/epoxy composite 
(low contrast) with drilled micro-holes (Nikishkov, Airoldi and Makeev, 2013). This result 
was repeated with a curved specimen with the µCT results verified by optical techniques 
(Nikishkov, Seon and Makeev, 2014). Both these studies used lab-based µCT instruments. 
Another study also compared µCT and optical techniques for assessing the porosity of a 
carbon/epoxy composite. This study made use of a synchrotron X-ray source to determine 
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the size, distribution and morphology of the voids. It was found to correspond well to 
optical techniques at low levels of porosity (<6%) but not at higher levels. It is thought that 
this was due to error in the optical technique at higher level relating to the angle at which 
the sections are taken (Yang and Elhajjar, 2014). 
2.6.5 Visualisation of Micromechanical Processes by Computed Tomography 
As well as allowing for evaluation of the micro- and meso-structure of a polymer composite, 
µCT allows for the examination of micromechanical processes during loading and failure. 
There are two ways this can be achieved. The first is loading ex-situ, which allows for longer 
tests such as fatigue or environmental testing but allows cracks to close for the scans and 
possible damage to the sample during transportation. The second is in-situ, which allows for 
easier correlation of images from different scans, allows the cracks to be held open during 
the scans so that they are easier to visualise, and can allow continual image capture 
(Garcea, Wang and Withers, 2018). 
When testing ex-situ, dye penetrant must be used to allow the cracks to be seen, due to the 
small crack size and poor contrast with the material (Schilling et al., 2005). In order to 
improve the contrast and allow for the test rig, most in-situ testing has used synchrotron 
facilities (Wright et al., 2008; Scott et al., 2012; Hu et al., 2014). These tests have enabled 
micromechanical behaviour to be seen such as fibre breakages (Scott et al., 2012) allowing 
verification of micromechanical models.  
2.6.6 Application of Computed Tomography to Finite Element Analysis 
As well as verification of failure mechanisms, µCT has been used to improve and verify FE 
models of composite loading and failure. This has been applied to textile composites, where 
the fibre architecture has been used to provide a more accurate unit cell for analysis than 
the idealised unit cell often used by importing the 3D µCT data into FE software as a mesh 
(Straumit, Lomov and Wevers, 2015). It has also been used to observe deformation during 
preforming and resin transfer moulding, which can cause fibre breakages and fibre waviness 
(Badel et al., 2009). The measurement of porosity and void content has also been used for 
improvement of FE models, which then accurately predicted effects of these defects on the 
mechanical properties of the material (Nikishkov, Seon and Makeev, 2014). This has also 
been applied to discontinuous fibre composites, with the FOD of a platelet-based composite 
imported to create the mesh of the fibre architecture. This was then used to accurately 
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predict the locations of strain concentrations and damage within the platelet based 
composite (within approximately ±5 mm), with the surface strain verified by single-sided 
digital image correlation (found to only be accurate to 0.6 mm from the surface) and the 
damage verified by failure location (Denos, Kravchenko and Pipes, 2017). 
2.6.7 Summary of Computed Tomography of Flat Panels 
µCT provides an accurate and proven technique for the determination of the micro- and 
meso-structure of a fibre-reinforced composite. This includes the FOD, and the void content 
and morphology. The FOD can be determined from the scan data in a number of different 
ways, with black box analyses available including in freely available software. 
Micromechanical behaviour can be monitored but this requires the use of either dye 
penetrant or in-situ testing with high energy X-rays as the cracks closing and poor contrast 
prevent the behaviour being characterised without use of contrast dye. The data obtained 
from µCT can be imported into FE software to allow for more accurate models, although in 
the case of discontinuous fibre composites with random distributions, this will only provide 
details of that particular sample, rather than a general case – a statistical approach is still 
required. As such, µCT is an appropriate technique for characterisation of the mesostructure 
in C-SMCs, both before and after failure, however, due to technology, cost, and time 
constraints in-situ testing and process monitoring using this technique are not viable.  
2.7 Mechanics of Sheet Moulding Compound 
In Sections 2.3 and 2.4, the effects of various processing techniques were discussed, 
particularly with regard to fibre orientation. The effect of fibre orientation on distortion and 
warp of components was discussed in Section 2.5, but it also has a considerable effect on 
the mechanical properties of SMC. To understand the mechanical properties, it is necessary 
to understand the mechanics that govern the behaviour of SMC under loading.  
In order to follow the development of generalised theory for the mechanical behaviour of 
SMC, it is worth starting from the basic principles. Considering the case of a single stiff fibre 
in an elastic matrix, the average stress in the fibre due to the shear stress on the fibre from 
a loaded matrix was found, known as the shear-lag model (Cox, 1951). As the stress on the 
composite is increased, the shear stress within the matrix and at the matrix/fibre interface 
will increase. This can result in either the yield stress of the matrix being reached in which 
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case the matrix will deform plastically, or the interface between the fibre and the matrix will 
fracture with slip then occurring between the fibre and the matrix (Kelly and Tyson, 1965). 
The consideration of plastic deformation in the matrix (a plastic matrix – elastic fibre system 
compared to the elastic matrix -elastic fibre system suggested by Cox) of the Kelly-Tyson 
model leads to the concept of the critical fibre length, 𝑙𝑐. This is the minimum fibre length 
which allows the interfacial shear stress to become sufficiently high that the maximum fibre 
stress, 𝜎𝑓𝑚𝑎𝑥, is able to equal the ultimate tensile strength of the fibre, 𝜎𝑓𝑢. This single-fibre 
model can be extended to predict fibre volume fraction dependence of the strength and 
modulus of an aligned, discontinuously reinforced composite, as in Equation 2.1 (Kelly and 
Tyson, 1965). 
 
𝜎𝑢𝑙𝑡 𝑐 = 𝑉𝑓𝜎𝑢𝑙𝑡 𝑓 (1 −
𝑙𝑐
2𝑙
) + 𝑉𝑚𝜎𝑚 Equation 2.1 
Both the shear-lag and Kelly-Tyson models consider the effect of only a single fibre and 
extrapolate that to aligned sheets of discontinuous fibres, however, this neglects the effect 
of fibre-fibre interactions from stress concentrations at fibre ends (Riley, 1968). The effect 
of these stress concentrations was taken into account by consideration of an ordered array 
of fibres with local addition to the fibre stress where a fibre neighbours a fibre end (Riley, 
1968). 
Another study attempted to resolve the various problems with the single fibre models, 
particularly that several attempts to consider single fibres (not discussed in this work) used 
infinitesimally thin fibres which led to a contradiction that the matrix would be occupying an 
area in the model that should have the Young’s modulus of a fibre (Fukuda and Kawata, 
1974b). Whilst this model takes into account the stress on the fibre from the matrix at fibre 
ends and seeks to take into account fibre-fibre interactions in a regular and aligned array of 
fibres, it fails to account for the stress concentrations caused by fibre ends (as discussed 
above).  
The models above mainly address aligned discontinuously reinforced composites. 
Application to randomly oriented composites occurred firstly by demonstrating that a 
randomly oriented discontinuous fibre composite can be approximated as a quasi-isotropic 
laminate (Halpin and Pagano, 1969). The Halpin-Tsai equations were then used to 
determine the in-plane properties of aligned sheets of discontinuously reinforced 
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composites (Halpin, 1969). The combined properties of the aligned sheets were estimated 
using the laminate approximation, via the fibre volume fraction of fibres at each orientation, 
to determine the properties for the composite as a whole. In essence, this method is similar 
to the use of the Krenchel efficiency factor, given by, 
 𝐶 = ∑ 𝑎𝑛 cos
4 𝜃 Equation 2.2 
Here 𝑎𝑛 is the proportion of fibres in the composite that are aligned in the direction 𝜃. For 
an isotropic composite (for example, a randomly oriented discontinuous fibre composite) 
this gives  𝐶 = 0.375 (Krenchel, 1964). As such, any of the models discussed above for 
prediction of the properties of an aligned composite could then be multiplied by this factor 
to give an estimate of their properties for a randomly oriented composite. It should be 
noted that these laminate analogies are only functional within a two-dimensional array of 
fibres, and this reinforcement coefficient is sometimes reduced to one-third (or one-sixth 
for the case of three-dimensional uniform and random distribution) (Bowyer and Bader, 
1972). In addition to this, a similar coefficient can be applied to take into account the 
variation in fibre length for injection-moulded composite materials, although this is not 
applicable to SMC (Bowyer and Bader, 1972). 
Further work was carried out using the laminate analogy to allow for prediction of failure 
properties instead of just the moduli, as allowed by the Halpin-Tsai equations (Halpin and 
Kardos, 1978). The Halpin-Tsai equations for the elastic properties only consider the effect 
of aspect ratio, and as has been indicated above, as the aspect ratio is increased, the 
stiffness approaches that of a continuous fibre composite. This is not the case for the 
strength due to the fibre-fibre interactions that result from stress concentrations at the fibre 
ends. A laminate analogy for the strength was achieved by application of maximum strain 
theory through the Halpin-Kardos equation, which empirically derives a strength reduction 
factor. 
A different approach from the laminate analogy was developed to consider the fibre 
orientation distribution and fibre length distribution for discontinuous fibre composites 
(Fukuda and Kawata, 1974a). This was initially attempted by considering a line segment 
across the composite, taking into account the number of fibres crossing this line, their 
orientation at the point of intersection and then calculating the load that each fibre can 
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support in the loading direction. This work suggested a normal distribution for the 
orientation distribution but only considered rectangular, sinusoidal and triangular 
distributions. For the case of an aluminium matrix – silicon carbide fibre composite, this 
approach produced results consistent with those determined empirically (Fukuda and 
Kawata, 1974a), but it only considers whiskers as opposed to fibre bundles and does not 
take into account effects from fibre ends. 
The identification of matrix cracking as the dominant form of damage in discontinuous fibre 
composites, indicated by acoustic emission with little fibre debonding observed by 
microscopy (Curtis, Bader and Bailey, 1978) led to the development of the fibre bridging 
model as an extension of the work of Fukuda and Kawata.  This model was adjusted to 
consider a region of interest of length 𝛽𝑙 (as shown in Figure 2.7) where 𝛽 is a constant of 
value 𝛽 < 1, and 𝑙 is the fibre length. 
 
Figure 2.7 Schematic diagram of the region of interest, of length 𝜷𝒍, illustrating the idea of Bader, Chou and Quigley, 1979 
It is evident that as 𝛽 → 0 all fibres will bridge the zone and as 𝛽 → 1, no fibres will bridge 
the zone. This then yields the probabilities of fibre bridging or ending in the zone as 
 𝑃(𝑏𝑟𝑖𝑑𝑔𝑒) = 1 − 𝛽 Equation 2.3 
 𝑃(𝑒𝑛𝑑) = 𝛽 Equation 2.4 
This allows the modified rule-of-mixtures equation for the strength of a composite (Curtis, 
Bader and Bailey, 1978) to be rewritten for the region of interest, neglecting the modified 
term for the matrix strength as this is considered to be negligible due to the matrix cracking 
(Bader, Chou and Quigley, 1979). A region of interest, or zone, size parameter was then 
introduced to relate the zone size to the critical fibre length, and a fibre effectiveness 
parameter was introduced to account for the fibre aspect ratio and the interfacial shear 
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stress from the Kelly-Tyson model. This enabled the rule-of-mixtures equations for the 
composite strength and zone strength to be rewritten in terms of the two new parameters 
and equated to determine a lower bound of the  critical strain for fracture and the strength 
at which this will occur (Bader, Chou and Quigley, 1979). 
The probability of fibres ending in the critical zone was then adapted to probabilistically 
determine the occurrence of gaps of 𝑛 ending fibres grouped together, surrounded by 
bridging fibres. The largest gap of fibres which is to occur at least once in the model is then 
considered the most critical, due to the stress concentration factor of this gap on the 
surrounding fibres and the point of the onset of failure. This is then used alongside the rule-
of-mixtures approach to calculate the failure stress of the composite (Fukuda and Chou, 
1981). 
To broaden the fibre bridging model to account for fibre orientation distributions rather 
than considering only aligned fibres, the consideration of stress redistribution from ending 
fibres was removed to simplify the situation. Fibre length and orientation distributions were 
considered and a critical angle, 𝜃𝑐, was introduced as the angle at which a fibre of length 𝑙 
becomes a bridging fibre. It should be noted that if the size of the critical zone exceeds the 
fibre length then the critical angle cannot be defined and the fibre will be an ending fibre 
(Fukuda and T. W. Chou, 1982). This approach provides the average composite strength 
(Equation 2.5), although the authors note that the strength should be given as a probability 
density function (PDF). 
𝜎𝑢𝑙𝑡 𝑐 = 𝑉𝑓𝜎𝑢𝑙𝑡 𝑓 × ∫ 𝑔(𝜃) cos 𝜃 𝑑𝜃
𝜋 2⁄
𝜃𝑐
∫ 𝑔(𝜃) cos3 𝜃 𝑑𝜃
𝜃𝑐
0
× ∫ [∫ (1 −
𝛽𝑙 ̅
𝑙 cos 𝜃
) 𝑔(𝜃)𝑑𝜃
𝜃𝑐
0
] ℎ(𝑙)𝑑𝑙
−∞
𝛽𝑙̅
× [∫
𝑙
2𝑙𝑐
𝑙𝑐
𝛽𝑙̅
ℎ(𝑙)𝑑𝑙 + ∫ (1 −
𝑙𝑐
2𝑙
) ℎ(𝑙)𝑑𝑙
∞
𝑙𝑐
] 
+𝜎𝑚(1 − 𝑉𝑓) 
Equation 2.5 
Equation 2.5 considers the effect of both fibre orientation distribution, g(θ), and the fibre 
length distribution, h(l). For an SMC material, h(l) is a Dirac delta function of h(l)=l. A 
correction has been suggested to the Fukuda-Kawata and Fukuda-Chou models to adjust 
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from averaging over the load in all fibres in the specimen to averaging the load over just the 
fibres that cross the critical zone (Jayaraman and Kortschot, 1996). 
A different probabilistic approach was suggested to allow the composite strength to be 
presented as a PDF, enabling estimation of the mean and standard deviation the strength of 
aligned discontinuous fibre composites. This used a binomial distribution for the case where 
fibre strength is taken as a constant and the combination of a binomial and normal 
distribution for the case where the distribution in fibre strength is to be considered, 
assuming that the fibres have a Weibull strength distribution (Wetherhold, 1987b). This 
built on previous work which calculated the probability of a set number of fibres bridging a 
critical zone, which also demonstrated that is can be approximated by a Poisson distribution 
for a sufficiently large number of fibres (Wetherhold, 1987a). The approach used for an 
aligned system was adjusted for application to misaligned composites, using Bayes’ 
Theorem to account for the requirements that to bridge the critical zone, a fibre must be of 
a certain length and within a certain range of orientations, whilst to be an ending fibre it 
must be below a certain length or outside of critical orientation range (Wetherhold, 1987c). 
It should be noted that these approaches were made applicable to both individual fibres or 
to fibre bundles, whilst the effect of fibre crossovers (fibres laid vertically in different 
longitudinal orientations) was noted to locally reinforce the longitudinal fibre. It is suggested 
that this would lead to the discrepancy between samples with the same stiffness having 
different strengths due to different amounts of crossover. A method to calculate the 
average number of crossovers for a given fibre distribution was suggested (Wetherhold, 
1987a). 
The modified rule-of-mixtures equation for discontinuous fibre composites (Kelly and Tyson, 
1965; Bowyer and Bader, 1972) allows for the estimation of the strength by applying factors 
for the length and orientation of the fibres to the fibre strength term of the Voigt equation. 
This was united with the fibre bridging model, which considered the distribution function for 
fibre length and fibre orientation (Fukuda and T. W. Chou, 1982) by putting the factors in 
terms of the orientation distributions (Fu and Lauke, 1996). This was done by combining 
previous work, which had suggested a length distribution of the form of a two-parameter 
Weibull distribution (Ularych et al., 1993) and an orientation distribution of the form of a 
two-parameter exponential function (Xia, Hamada and Maekawa, 1995). This model was 
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further advanced by considering that when a fibre bridges a gap, if the shorter length left 
embedded in the matrix is below the critical length, it will pull out rather than break, even if 
the length the other side of the crack is larger than the critical length. This included 
accounting for the adapted critical length necessary for misaligned fibres, given the effects 
of snubbing friction and their reduced strength from flexure at the point where they crossed 
a matrix crack (Fu and Lauke, 1996).  
The work up to this point has suggested that the composite strength should be presented as 
a PDF (Fukuda and T. W. Chou, 1982) and has been in the approach considered by 
Wetherhold (Wetherhold, 1987d). In a review of the probabilistic approach to the strength 
of composite materials (Sutherland and Guedes Soares, 1997), the use of the Weibull 
weakest link approach (Weibull, 1951) to brittle materials is discussed for composite 
materials, however, the authors stop short of suggesting the use of a Weibull distribution 
for the strength distribution of discontinuous fibre composites, instead reiterating 
Wetherhold’s approach. A later discussion of the high variability of the strength of 
discontinuous fibre composites leads to the use of Weibull statistics to analyse the strength 
distribution (Marissen and Linsen, 1999), however, this only considers the experimental 
results and does not attempt to tie the theories of prediction of strength to the Weibull 
distribution of the strength. 
Following this work, the Weibull weakest link approach was applied to the strength of 
individual fibre bundles that comprise the reinforcement phase in tow-based discontinuous 
fibre composites (TBDCs) (Pimenta and Pinho, 2013). This work focussed on aligned bundles, 
and whilst it considered bundle-to-bundle interactions found that modelling of more than 
10 bundles of fibres required gross simplification as it is incredibly computationally 
expensive. This work on using fibre bundles as “building blocks” progressed, with later work 
showing that equivalent laminates can be used to give a good approximation to the Young’s 
modulus of randomly oriented TBDCs (Yizhuo Li et al., 2017). This work separated the 
reinforcement into unidirectional plies, allowing the discontinuous behaviour to be divorced 
from the orientation effects. This technique, however, overestimated the strengths, likely 
due to the empirical failure strength being influenced by clusters of weaker bundles and 
ending bundles (Henry and Pimenta, 2017). This technique has been further developed with 
more recent work continuing to use this equivalent laminate model combined with a non-
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linear shear lag model of stress transfer and bundle-bundle interactions to determine ply-
by-ply stiffness reduction to model failure (Li and Pimenta, 2019). 
To understand the micro- and mesostructural features that lead to the formation of the 
critical zone and therefore the failure of the component, several different techniques have 
been investigated. Ultrasonic C-scans were found to identify defects but the cause of these 
defects (such as macro-voids, fibre swirls and resin rich areas) was only able to be assessed 
by microscopy (Feraboli et al., 2010). The defects highlighted by this technique were also 
found to not be correlated to the eventual area of failure of the component. X-ray micro-
computer tomography (XµCT) has been successful at indicating the failure plane by imaging 
the large bundles of fibres and their planes in the component, with the areas with high 
alignment orthogonal to the loading direction being highlighted as the likely failure region 
(Joffre et al., 2014; Denos, Kravchenko and Pipes, 2017). Similarly to the use of XµCT, digital 
image correlation (DIC) has been used to highlight the areas of stress concentrations by 
identifying areas of higher strains. When examined it was found that these areas 
corresponded to where the ends of longitudinal fibre bundles or chips overlapped with 
chips lying transverse to the loading direction (Johanson et al., 2015). The identification of 
these features that lead to the formation of the critical-zone allows the critical discussion of 
the mechanical properties of C-SMC found in the literature, and the experimental 
techniques used to do so. 
2.8 Mechanical Behaviour of Sheet Moulding Compound 
As discussed in Section 2.7, the tensile strength of SMC is associated with a high variance 
(Marissen and Linsen, 1999; Feraboli et al., 2009a; Qian et al., 2011) due to the 
discontinuous and non-homogeneous nature of the material. When viewed at a sufficiently 
large scale SMC may appear to be homogeneous (Feraboli et al., 2010a), but at the scale of 
test coupons defined in ASTM, BSI and ISO standards for various mechanical tests (widths of 
≤25 mm and, for compression, gauge-lengths of the order of 10 – 25 mm) the material is 
heterogeneous. This results in a wide range of strength and moduli being measured. The 
literature pertaining to the production of a representative volume element (RVE) for the 
purposes of computational modelling suggests that no further change in properties of a 
random representative volume element (RRVE) is found with a boundary at 2 times the 
critical dimension of the reinforcement within the material (that is, a fibre bundle or chip) 
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(Iorga, Pan and Pelegri, 2008; Harper et al., 2012). This would suggest that for fibre lengths 
of 25 mm the ideal specimen width would be 125 mm, whilst the results from the literature 
suggests that the reduction in variability starts with an RRVE of dimensions approximately 
0.5 times that of the critical dimension, suggesting that test coupons should be of width and 
length in excess of 50 mm. Figure 2.8 shows a schematic of the coupon widths that would 
be required depending on the critical dimension for 2 times and 0.5 times. The results from 
the literature for C-SMC have mainly been found using samples below these dimensions 
(Jēkabsons and Fernberg, 2003; Feraboli et al., 2009b; Nicoletto, Riva and Stocchi, 2016) and 
whilst some research has been carried out using wider samples, this has been for the 
purpose of investigating notched behaviour (Feraboli et al.,2009a; Qian et al., 2011). 
 
Figure 2.8 Schematic showing dimensions of a random representative volume element (RRVE) for 2 times and 0.5 times the 
critical dimension of the reinforcement. 
With this difference between what the computational literature suggests as an RVE and 
what the standards advocate as current test samples, the empirical literature regarding the 
effect of the volume of a test coupon should be considered. Two studies have been carried 
out, which contain results that can be used to examine the effect of thickness on apparent 
strength. These suggest that a relationship between thickness and strength exists but 
provides no firm evidence as to the nature of this relationship or an attempt to quantify it 
(Feraboli et al., 2009a; Feraboli et al., 2009b). The data in these two studies was generated 
from panels manufactured by chopped prepreg, although different prepreg materials were 
used in the two studies, preventing a direct comparison of the results to aid in determining 
a relationship. The results of these two studies are presented in Table 2.3. 
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Table 2.3 Effect of thickness on apparent tensile strength 
Thickness 
Tensile Strength / MPa 
(Feraboli et al., 2009b) 
Tensile Strength / MPa 
(Feraboli et al., 2009a) 
Thin (approximately 2 mm) 138 234 
Baseline (approximately 4 
mm) 
186 257 
Thick (>5 mm) 276 280 
 
 With regard to the effect of width on the strength of C-SMC, one study has found an 
increase in the width of test coupons resulted in a decrease in the strength (Feraboli et al., 
2009a), whilst another study found that there was insufficient evidence to determine an 
effect of the width on the strength (Qian et al., 2011). The results of these studies are 
presented in Table 2.4. Neither study reports on the effect of width on the variance of the 
strength, although the results of Qian et al. indicate that as the width is increased the 
strength tends towards a consistent average with a lower variance. It should be noted that 
the panels from these two studies were manufactured using different approaches with the 
study by Feraboli et al. using a chopped prepreg method, whilst Qian et al. used a directed 
fibre preforming method. 
Table 2.4 Effect of coupon width on apparent tensile strength 
Approximate width / mm Tensile Strength / MPa 
(Feraboli et al., 2009a) 
Tensile Strength / MPa 
(Qian et al., 2011) 
12.5 231 202 
25 257 246 
37.5 263 188 
50 284 207 
 
These studies also show that the compressive strength of C-SMC is higher than that in 
tension and demonstrates a lower variance (Feraboli et al., 2009a; Feraboli et al., 2009b; 
Qian et al., 2011). It should be noted, however, that these compressive results were carried 
out over very small gauge-lengths (as discussed above) where the material is considered to 
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be more akin to a continuous fibre composite as the gauge length is of the scale of the fibre 
lengths. 
The flexural strength of C-SMC was found to be greater than that for both tension and 
compression (Starbuck, Jacob and Simunovic, 2001; Feraboli et al., 2009b). It should be 
noted that the work carried out by Feraboli et al. on the flexural strength tested in 3-point 
bend and used samples of 12.7 mm width, which provides a non-representative sample of 
the material. Starbuck, Jacob and Simunovic also used specimen widths that are too narrow 
compared to the RRVE discussed above, however, they made use of 4-point bending to test 
in flexure, allowing a greater volume of the material to be placed under stress. 
With regard to the notch sensitivity, two studies have considered the effect of a circular 
notch on the tensile properties of C-SMC, with both concluding that the material is notch-
insensitive (Feraboli et al., 2009a; Qian et al., 2011). Feraboli et al. use their results to 
develop an “inherent material stress concentration factor” to account for the failure of the 
material in the gross section and attribute this factor to the stress concentration from fibre 
ends. As such, this inherent material stress concentration factor may be linked to the stress 
concentrations due to the overlap of fibre ends and misaligned chips as observed through 
DIC discussed above (Johanson et al., 2015). The notch insensitivity is consistent with an 
understanding of the mesostructure of C-SMC as the stress concentration from the hole is 
not going to be spread beyond geometric limits of the chips that contact the hole.  
The inherent material stress concentration factor may be worked into a theoretical model to 
predict the strengths of C-SMC to account for fibre-fibre interactions. As an initial stage of 
this, with the assumption that the C-SMC coupons were perfectly randomly oriented, the 
un-notched tension of a quasi-isotropic continuous fibre composite was compared to that 
for the C-SMC and as such it was suggested that the discontinuous material could achieve 
only 53% of the strength of the quasi-isotropic material (Feraboli et al., 2009a). In 
compression all specimens were found to fail at the hole, which would seem to indicate 
notch sensitivity, however, when the strength results were plotted against the ratio of hole 
size to specimen width, the results were found to lie along the notch-insensitive line 
(Feraboli et al., 2009a). This suggests that whilst the hole may be responsible for the 
location of failure, it does not affect the strength at which C-SMC will fail in compression.  
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What becomes clear from the review of the literature into the mechanical properties of C-
SMC materials is the importance of how the measurement of the property is taken on the 
value of that observation. As such it is critical to acknowledge that the testing in both the 
literature and this thesis can only claim to be testing the apparent strength and apparent 
modulus of the material, as opposed to determining a material property. This in turn raises 
the questions of what is the purpose of the measurement, and what information is useful to 
extract from the testing to enable the use of this class of materials in structural applications 
in the automotive sector? It can be argued that characterisation of the material property 
rather than the apparent property, along with the relationship between that property and 
these factors (width, thickness) allows accurate use of the data, but if this requires 
specimens that are too large, or sample populations that are too costly and impractical to 
gather, then it could be more cost efficient to gather the data that best replicates the end 
case use of the material, in terms of the width and thickness of the cross-sections that to be 
manufactured. 
2.9 Statistical Methods 
2.9.1 Introduction to Statistical Methods 
The properties of composite materials are susceptible to variation from numerous sources 
throughout their manufacture. Considering a standard autoclave cured prepreg material, 
possible sources of variation, from start to finish in the manufacturing process, are: 
1. Fibre manufacture (precursor variation, environmental conditions for pyrolysis, 
tension, spinning) 
2. Weaving (tightness of weave, warp and weft tensions, fibre areal weight) 
3. Resin (precursor, mixing ratios) 
4. Impregnation (fabric tension, process conditions such as pressure, temperature, 
resin content) 
5. Lay-up (stacking sequence, tolerance of orientation, void content, consolidation) 
6. Autoclave cycle (temperature and pressure ramp rates, vacuum hold, temperature 
dwells) 
To account for natural variation in these aspects, determination of design allowables for 
composite materials requires material from three separate batches (with a minimum of two 
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batches of fibre and two batches of resin) with two panels manufactured from each batch. 
These two panels cannot be cured in the same autoclave simultaneously. Following this, 
statistical analysis is then required to account for outliers, tests for structure in the data, 
distribution fitting, and finally calculation of design values. This process is described 
exhaustively in several industry-standard documents, starting from MIL-HDBK-17 (USDOD, 
1997) and subsequently being rewritten into Composite Material Handbook-17 (CMH-17) 
and, DOT/FAA/AR-00/47, which distil the key elements from the military handbook. This 
statistical treatment of test data forms the basis for the treatment of C-SMC properties 
within this thesis to determine property data. 
Given that aims and objectives of this thesis require the determination of the influence of 
process and component factors (mould coverage, coupon width, and coupon thickness) on 
the properties, significance testing is required. This is to ensure that correlations that are 
measured are attributable to relationships between the factors and properties, and are not 
statistically likely to have occurred by chance. This section goes through the various 
statistics used, and their strengths and weaknesses. 
2.9.2 Structured Data 
The question of structured data defines whether results from groups of data in which there 
are inherent differences can be combined. To help in this, consider that unstructured data is 
defined as “data sets which either cannot be grouped, or for which there are negligible 
differences among such groups” (USDOD, 1997). An example of this can be taken from the 
method for qualifying prepreg materials discussed previously – two panels are 
manufactured independently from a single batch of material. The question of structured 
versus unstructured data is whether the data from testing these two panels can be 
considered as being from a single population or is sufficiently different that the two sample 
sets must be considered as coming from two distinct populations. This is then repeated 
across the material batches – whether the batches can be considered as the same or distinct 
populations. 
The test for structured data is the k-sample Anderson-Darling test (USDOD, 1997) with a 
hypothesis of no difference in the populations. If the critical value of the test (ADC) is less 
than the k-sample Anderson-Darlin statistic (ADK), then the conclusion is that the samples 
came from different populations, otherwise the conclusion is that they came from the same 
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population. The error on this test is 5% (USDOD, 1997). The k-sample Anderson-Darling test 
is selected as it is independent of order statistics, meaning that the results do not go on to 
bias secondary (goodness-of-fit) tests on a population of combined samples, whilst being 
generalised enough to be of more use than other similar tests (for example, Kruskal-Wallis, 
and Brown-Mood) (Scholz and Stephens, 1987). In addition, it is suitable for samples of 
different sizes and for small sample sizes, giving it an advantage over other generalised tests 
such as Kolmogorov-Smirnov and Cramer-von Mises (Scholz and Stephens, 1987). 
2.9.3 Outliers 
An outlier is a datum that lies much higher or lower than most data in the sample (a general 
rule-of-thumb is outside of three standard deviations from the mean). Outliers may be 
erroneous due to defects in the test specimen, errors in carrying out the test (for example, 
environmental conditions or non-perpendicular specimens), or clerical errors (for example, 
noting the value incorrectly). Alternatively, outliers may be valid data. A test for outliers 
must be carried out to detect outliers, but the presence of an outlier cannot be used to 
delete the data. The reason for the outlier must be verified and only if the datum is 
erroneous can the data be deleted – if the datum is valid then it must be retained for the 
analysis. 
The maximum normed residual (MNR) test, originally proposed by Grubbs (Grubbs, 1969; 
Stefansky, 1972) is used in this thesis to identify outliers in unstructured data sets and tests 
for whether the absolute deviation of a value from the sample mean is too large to have 
occurred by chance (a significance level of 0.05 is used for this test) when compared to the 
sample standard deviation (USDOD, 1997). This test can only detect one outlier at a time, so 
the process requires examination of the outlier detected. If it is determined to be 
erroneous, the test must be run again on the sample following correction or deletion of the 
erroneous datum.  
2.9.4 Distribution Fitting 
In order for further analysis to be carried out, the sample populations need to be fitted to a 
distribution to allow determination of descriptive statistics, design allowables, and for 
further statistical tests. For all classes of materials, the Weibull distribution (Weibull, 1951) 
provides the most analogous distribution for the strength of materials, as seen through its 
simple derivation. All distribution functions may be written in the generalised form of: 
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 𝐹(𝑥) = 1 − 𝑒−𝜑(𝑥) Equation 2.6 
Where 𝜑(𝑥) is any function of a given variable, 𝑥. Taking the probability of choosing an 
individual value, X, having a value ≤x, 
 𝑃(𝑋 ≤ 𝑥) = 𝐹(𝑥) Equation 2.7 
Equations 2.6 and 2.7 can then be rewritten to give: 
 (1 − 𝑃)𝑛 = 𝑒−𝑛𝜑(𝑥) Equation 2.8 
Assuming a chain of n links, where any single link has the probability of failure, P, at a load, 
x. The chain as a whole fails when a single link fails, so define the probability of failure of the 
chain as Pn and therefore the probability of the chain not failing at any given load is (1-Pn). 
This is equivalent to every link in the chain simultaneously not failing. As such, 
 (1 − 𝑃𝑛) = (1 − 𝑃)
𝑛 Equation 2.9 
If the distribution function of a single link is assumed to be that defined in Equation 2.6, 
then substituting the generalised distribution function shown in Equation 2.6 gives the 
distribution of  𝑃𝑛 as: 
 𝑃𝑛 = 1 − 𝑒
−𝑛𝜑(𝑥) Equation 2.10 
Where 𝜑(𝑥) is the function of the failure load, 𝑥. Substitution of an appropriate function for 
𝜑(𝑥) gives: 
 
𝐹(𝑥) = 1 − 𝑒
−
(𝑥−𝑥𝑢)
𝑚
𝑥0  
Equation 2.11 
which is the two-parameter Weibull distribution (Weibull, 1951). Considering the “chain” as 
a material test specimen and a “link” as a section of the length of the specimen in the 
loading direction, then it is apparent that this distribution is analogous to behaviour of 
materials. Indeed, the parameter m from Equation 2.11, called the Weibull modulus, 
provides the description of the spread of the data (similarly to variance in the normal 
distribution), whilst parameter 𝑥0 provides the characteristic strength – that is the strength 
at which the probability of survival of the sample is 0.37, with parameter 𝑥𝑢  providing the 
average strength, and 𝑥 the strength of a given sample. 
It is because of this that the Weibull distribution is the recommended fit and is the first to 
be trialled in the military handbook (USDOD, 1997). If the observed significance level (OSL) is 
not sufficiently large, then the sample should be tested for fit to the normal distribution. If 
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the OSL of this is not sufficiently large, then it should be tested for fit to the lognormal 
distribution, and then, if this is not a suitable fit, a non-parametric distribution should be 
used (USDOD, 1997). The measurement of the observed significance level is carried out 
using the Anderson-Darling goodness of fit test (Anderson and Darling, 1952, 1954; USDOD, 
1997). The details of how to carry out these tests for the three distributions are shown in 
the military handbook.  
2.9.5 Significance Testing 
2.9.5.1 Introduction to Significance Testing 
As discussed, the measurement of the mechanical properties provides variation in the 
measurement. In the case of considering a hypothesis that a factor has had an effect on the 
outcome of the measurement (for example, the width of the test specimen has an effect on 
the apparent tensile strength) a significance test is required to consider the probability that 
the observed relationship is an occurrence of chance due to the natural variation in the 
measurements versus the probability that it is due to the presence of such a relationship. 
Carrying out a significance test is a 4-stage process. Firstly, consider the number of 
independent sample populations to select the significance tests. Secondly, carry out the 
assumption tests (usually this involves considering the variance of the sample populations). 
Thirdly the relevant significance test to the assumptions test is carried out. Finally, if there 
are more than two sample populations, a post hoc test can be used to determine the 
relationships between the different sample populations.  
In this thesis, Levene’s test is used to test the assumption that the sample populations have 
a different variance. If this assumption holds, Welch’s test is used as the significance test, 
regardless of the number of sample populations used. If the assumption is incorrect, and the 
samples can be assumed to have the same variance, then the independent samples t-test is 
used for comparing two sample populations, and a one-way analysis of variance (ANOVA) is 
used for more than two sample populations. In the case of more than two sample 
populations, to determine the relationship between the different samples, post hoc tests 
are used with Scheffé’s test applied where a one-way ANOVA has been used, and the 
Games-Howell test applied where Welch’s test has been used. This flow of tests and 
decisions is shown in Figure 2.9. The purpose and assumptions of these tests are discussed 
through this section. 
 44 
 
 
 
Figure 2.9 Flow chart showing the decision matrix for the assumption tests, significance tests, and post hoc tests used in this 
work. Post hoc tests are not necessary where the number of independent samples is not greater than two. 
2.9.5.2 Homogeneity of Variance 
Many of the statistical significance tests available and in common use through the scientific 
community follow an assumption that the sample populations are normally distributed, and 
that the samples being compared have homoscedasticity. The first assumption is usually 
achieved through application of the central limit theorem, which shows that regardless of 
the population distribution, sample distributions correspond to the normal distribution. The 
second assumption requires a test, however, to demonstrate that the sample populations 
can be considered to have equality of variance (homoscedasticity). There are multiple tests 
that are available as tools for measuring the variance of multiple samples, as discussed by 
Boos and Brownie (Boos and Brownie, 2004), however, the work of Levene (Levene, 1960) 
has proved seminal (Gastwirth, Gel and Miao, 2009), with a robust test for equality of 
variances for any number of sample populations. The Levene’s test uses the test statistic, 
𝑊, such that: 
 𝑊 =
(𝑁 − 𝑘)
(𝑘 − 1)
∑ 𝑁𝑖(𝑍𝑖. − 𝑍..)
2𝑘
𝑖=1
∑ ∑ (𝑍𝑖𝑗 − 𝑍𝑖.)
2𝑁𝑖
𝑗−1
𝑘
𝑖=1
 Equation 2.12 
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where, 
𝑁 is the total number of observations in all samples 
𝑘 is the number of samples 
𝑁𝑖 is the number of observations in the 𝑖
th sample 
𝑍𝑖𝑗 = |𝑌𝑖𝑗 − ?̅?𝑖.| 
is the distance between an observation, 𝑌𝑖𝑗, and the mean of the sample 
the observation comes from 
𝑌𝑖𝑗 is the measured observation 𝑗 from the 𝑖
th samples 
?̅?𝑖. is the sample mean of the 𝑖th group 
𝑍𝑖. is the mean of all 𝑍𝑖𝑗 for sample 𝑖 
𝑍.. is the mean of all 𝑍𝑖𝑗 
This test statistic is checked for significance using the F-distribution. 
2.9.5.3 Tests for Significance 
Having established whether the assumption of equality of variance is upheld, using Levene’s 
test, the significance test can be carried out. As shown in Figure 2.9, the independent 
samples t-test or one-way ANOVA are used if there is homoscedasticity, depending on the 
number of samples being considered, and Welch’s test is used if the variances are not equal. 
The independent sample t-test is a specific test under the umbrella of t-tests, which can 
generally be considered as any hypothesis test where the test statistic follows a Student’s t-
distribution – a distribution that arises from sampling under a normal distribution (Student, 
1908). The independent samples t-test relies on the assumptions that the samples are 
normally distributed and have equality of variance. The test statistic, t, is calculated as: 
 
𝑡 =
?̅?1 − ?̅?2
𝑆𝑝√
1
𝑛1
+
1
𝑛2
 Equation 2.13 
 𝑆𝑝 = √
(𝑛1 − 1)𝑆𝑥1
2 + (𝑛2 − 1)𝑆𝑥2
2
𝑛1 + 𝑛2 − 2
 Equation 2.14 
where, 
?̅?𝑖 is the sample mean of sample 𝑖 
𝑛𝑖  is the sample size of sample 𝑖 
𝑆𝑝 is the pooled standard deviation 
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𝑆𝑥𝑖
2  is the unbiased estimator of variance for sample 𝑖 
The t-statistic is then compared to a table of T-values for a given significance level and 
number of degrees of freedom (calculated as 𝑛1 + 𝑛2 − 2). If t < T, the null hypothesis is 
accepted and the difference between the samples is not significant, else the null hypothesis 
is rejected and the differences between the samples are significant. 
In the case that the samples do not follow the homogeneity of variance, Welch’s 
modification to the t-test must be used (Welch, 1947). Welch’s t-test is more robust than 
Student’s t-test in the case of unequal variances and results in lower type I error rates 
(Delacre, Lakens and Leys, 2017). Student’s t-test is still preferred in cases of equal variance, 
however, as it has a higher power resulting in lower type II error rates than Welch’s test.  
Welch’s test calculates the test statistic as: 
 
𝑡 =
?̅?1 − ?̅?2
√
𝑆1
2
𝑛1
+
𝑆2
2
𝑛2
 
Equation 2.15 
Where 𝑆𝑖
2 is the sample standard deviation of sample 𝑖. The degrees of freedom, 𝜐, are 
calculated as: 
 𝜈 ≈
(
𝑆1
2
𝑛1
+
𝑆2
2
𝑛2
)
2
𝑆1
4
𝑛1
2𝜈1
+
𝑆2
4
𝑛2
2𝜈2
 Equation 2.16 
where 𝜈𝑖 is the degrees of freedom of the sample variance estimate. 
The one-way analysis of variance (ANOVA) is used to compare more than two samples using 
the F-distribution (Lindman, 1992). In the case of two samples, the t-test is used as in this 
instance the t-distribution is equivalent to the F-distribution. The ANOVA test calculates the 
between group variances from the mean and the within group variances from the mean to 
generate the ratio of variances from the mean. By doing this it tests the null hypothesis that 
all samples are drawn from populations with the same mean. The term “one-way” comes 
from assessing one numerical response variable with one categorical variable – two-way 
ANOVAs would consider the effect of two categorical variables on a single numerical 
variable. 
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The ANOVA is based on the assumptions that the samples are normally distributed, and that 
they have homogeneity of variances. In actuality, it is only necessary to ensure homogeneity 
of variances as the ANOVA is robust in the case of data that is only approximately normally 
distributed, which can be achieved through the central limit theorem for most sampling 
methods. The F-statistic for the one-way ANOVA is calculated from the ratio of the 
between-group mean square value, 𝑀𝑆𝐵, and the within-group mean square value, 𝑀𝑆𝑊, 
such that: 
 𝐹 =
𝑀𝑆𝐵
𝑀𝑆𝑊
 Equation 2.17 
where, 
 
𝑀𝑆𝐵 =
∑ 𝐼𝑗(𝜇𝑗 − 𝜇)
2
𝐽 − 1
 Equation 2.18 
 
𝑀𝑆𝑊 =
∑(𝑦𝑖𝑗 − 𝜇𝑗)
2
𝐼 − 𝐽
 Equation 2.19 
and, 
𝐼𝑗 is the sample size of sample 𝑗 
𝜇𝑗 is the sample mean of sample 𝑗 
𝜇 is the grand mean 
𝐽 is the number of samples 
𝑦𝑖𝑗 is the 𝑖
th observation in sample 𝑗 
𝐼 is the total number of observations 
The F-statistic is then compared to a critical value of F for the given significance level and 
degrees of freedom, and if 𝐹 > 𝐹𝑐𝑟𝑖𝑡 the null hypothesis is rejected and the difference in the 
sample means is significant. 
In the situation that the assumption of homogeneity of variances is violated, Welch’s 
modification to the one-way ANOVA must be used, which, like for Welch’s t-test, normalises 
the sample sizes with the sample variances. This has the same advantages of reducing type I 
errors in the case of unequal variances. 
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2.9.5.4 Post Hoc Tests 
In the case of more than two sample distributions, the ANOVA is only able to identify that 
there are significant differences between the sample means, and not between which 
samples. To determine the differences between the samples, and the direction of these 
relationships, post hoc tests must be used. The advantage of using post hoc tests following 
an ANOVA rather than individual tests on all pairs of samples is the reduction in type I 
errors, which otherwise increases rapidly with the number of sample distributions.  
One commonly used post hoc test is the Tukey-Kramer method, which compares means 
between the different samples and is based on the q-distribution. It essentially carries out a 
t-test between each pair of means with the result normalised by the standard error on the 
sum of the means. Any result where the difference between the means is greater than the 
standard error is considered to be significant. This method requires independence of 
observations, the samples to be normally distributed, and equality of variance across the 
samples. This is particularly accurate for a limited number of pairwise comparisons, but in 
the case of more comparisons, or where all contrasts that can be considered are of interest, 
the Scheffé method will provide narrower confidence intervals. The Scheffé test considers 
the contrast between the sample means by multiplying all sample means by a contrast 
factor 𝑐𝑗, such that the sum of all contrast factors is equal to zero (Lindman, 1992). Where 
the assumption of homoscedasticity is violated, neither the Tukey-Kramer or Scheffé tests 
can be used. Instead Welch’s modifier to the t-test is applied to the Tukey-Kramer test, 
through the degrees of freedom, which modifies the calculation of the standard error. This 
is called the Games-Howell test. 
2.9.6 Summary of Statistical Methods 
Statistical methods are an important factor in the treatment of results of mechanical 
testing. This is due to the numerous sources of variability that can be introduced in to the 
material and not detected until after manufacture of test panels and components. This 
covers structured data, treatment of outliers, and fitting of distributions to generate 
appropriate descriptive statistics and design allowables from the test data. In addition, 
when considering relationships between factors and the testing results, significance testing 
is required to ensure that any differences observed are more likely due to the relationship 
between the factors and the results, than to have occurred by chance due to the natural 
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variation. Appropriate treatment of the data to carry out these significance tests has been 
discussed with a method determined. 
2.10 Summary 
The review of the literature has highlighted that there are considerable differences between 
G-SMC and C-SMC. Notably the lack of fillers and low-profile additives in C-SMC increases its 
mechanical properties but results in issues during processing such as dimensional distortion. 
The literature review has also highlighted that the way in which a component is moulded 
from SMC and various processing parameters used can influence the final properties of the 
component, including the dimensional stability of the component, internal cracking, 
porosity, the fibre orientation distribution and its mechanical properties. 
The high variability of the tensile strength and Young’s modulus and their apparent scaling 
factors with width and thickness require further investigation. The current level of 
uncertainty is preventative in these materials being used with confidence in structural 
components. These factors need clarity and a defined material qualification program if 
current testing standards are found to be ill-equipped for their assessment. The 
investigation of these factors (as stated in the aims and objectives, Section 1.2) is carried out 
using the materials and methods described in Chapter 3, and the results treated as per the 
discussion of statistical methods in Section 2.9. 
  
 50 
 
3 Materials & Methods 
3.1 Introduction to Materials & Methods 
Prior to the beginning of the project, the sponsor company carried out a material testing 
exercise to assess the properties of three different C-SMC products, referred to as materials 
A, B and C (for details of these materials, please refer to Section 3.2). Tension and 
compression tests were carried out on the three materials, with the results for the average 
strength and moduli shown in Table 3.1. For this testing programme, five samples of each 
material were tested for each strength at 0o, and three of these were strain gauged for 
modulus measurement. An additional three were tested at 90o, with two of these used for 
modulus measurement. Tensile testing was carried out according to ASTM D3039 and 
compressive testing was carried out according to ASTM D6641. 
Table 3.1 Tensile and compressive strength and elastic moduli, alongside their ranges for the three materials initially 
considered 
Material  Average 
Strength/MPa 
Range/MPa Average 
Modulus/GPa 
Range/GPa 
A Tension 140 26 34 7 
 Compression 270 114 36 35 
B Tension 302 105 36 12 
 Compression 325 146 46 66 
C Tension 194 334 37 8 
 Compression 368 154 39 29 
The material was selected based on a combination of properties and cost. The exceptionally 
high variation of material C (which demonstrated a range of 334 MPa in its tensile strength) 
excluded this material from further consideration. Material A had the lowest range in its 
strengths (26 MPa and 114 MPa for tension and compression compared with 105 MPa and 
146 MPa for material B) and the ranges found for the modulus were also lower. This 
combined with the lower cost (due to 12K tows compared to 3K for material B) resulted in 
the preferential selection of material A. Additional tension and compression testing carried 
out on material A found that the orientation of the coupons with respect to the panel edge 
did not affect the results, which is indicative that the material is quasi- isotropic. 
Testing of coupons of two different thicknesses (3 mm and 6 mm) produced results 
indicative of a relationship between thickness of the test coupons and the tensile strength, 
 51 
 
with the 6 mm thick coupons found to have an average strength of 186±20 MPa whilst the 3 
mm thick coupons were found to have an average strength of 149±20 MPa (quoting the 
standard deviation). The results do not indicate a relationship between modulus and 
thickness, with both having means of 31 GPa, although the standard deviation of the 3 mm 
thick specimens was 5 GPa compared to 2 GPa for the 6 mm thick specimens. These 
relationships are in agreement with the findings of the current (limited) literature on the 
subject (Feraboli et al., 2009a), as discussed in Section 2.8. The results of the compression 
testing confirmed those of the tensile testing that the material is isotropic with regards to its 
in-plane mechanical properties. The results also indicate that the compressive strength is 
related to the thickness with the 6 mm thick coupons having an average strength of 244 
MPa whilst the 3 mm thick coupons have an average strength of 194 MPa. This relationship 
is also in agreement with the literature (Feraboli et al., 2009a). With the tensile strength 
being considerably lower (a factor of 0.75) than the compressive strength, this was 
considered as the limiting factor in the use of these materials and therefore the factor 
chosen for investigation. 
This chapter discusses the materials and methods used to further these preliminary 
investigations and carry out the aims and objectives set out in Chapter 1. The methods used 
include sample preparations (both cutting of coupons and grinding and polishing of samples 
for microscopy), the mechanical testing procedures followed, the strain measurement 
techniques used, and the statistical analysis applied to the mechanical testing results. 
3.2 Materials 
The C-SMC material used in the empirical work carried out in this report (referred to as 
material A) is a tow-based discontinuous fibre composite. It comprises chopped 12K fibre 
tows, 25.4 mm in length, embedded in an epoxy acrylate matrix with a nominal fibre volume 
fraction of 42.5%. Material B (referred to in Section 3.1) is also a tow-based discontinuous 
fibre composite comprising of chopped 3K fibre tows of 25.4 mm length embedded in vinyl 
ester matrix. Material C (referred to in Section 3.1) is a chopped prepreg composite, 
comprising of UD carbon fibre-epoxy matrix prepreg chopped into 50 mm long chips and 
compacted into sheets of raw SMC – no additional resin is added beyond that contained in 
the precursor prepreg.  
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It was not possible to characterise the cure and thermal characteristics of material A as part 
of this work due to commercial agreements with the material supplier. This was a 
development material during the early stages of this project and as such the supplier viewed 
the confidentiality of their material highly. The panels for mechanical testing were provided 
in a moulded state from the supplier according to the requirements of the test programme, 
and the work on dimensional stability was carried out at a Tier 1 manufacturer that is a 
subsidiary of the material manufacturer. As such, the knowledge of the cure cycle of this 
material was limited to 2 minutes for every 1 mm of thickness plus 10% additional time at 
140 oC.  
3.3 Sample Preparation 
Most of the mechanical testing samples were cut with a diamond-edged composite panel 
saw (by Boart), using water as a lubricant and coolant fluid. Panels of nominal thickness ≥5.5 
mm were cut by a contracted company (Hydromar Ltd.) using a waterjet cutter, as these 
thicknesses were too great for the panel saw to handle safely. Samples for optical inspection 
and microscopy were cut with a diamond edged cutting wheel in an ATM Brillant 200 saw, 
using water as a lubricant and coolant. Prior to reflected light microscopy (RLM), samples 
were mounted in a room temperature cure epoxy resin system, and then ground and 
polished.  
Grinding took place with various grades of silicon carbide paper in a Struers Pedemax 2 
grinding, polishing and lapping machine. This started with P400 and decreased the 
coarseness in steps of 400, once all the scratches from the previous grade had been 
removed, until 2000 grade carbide paper had been used. At this point, the samples were 
polished with diamond cloths, using 6 µm, 3 µm and 1 µm size diamond cloths. Again, the 
finer grades were used once the previous larger scratches had been removed. 
3.4 Cooling Jigs 
3.4.1 Flat Panels 
The cooling jig for flat panels comprised a flat aluminium plate, 20 mm thick, with toggle 
clamps and their associated supports at 8 positions around the outside (each corner, and 
the centre of each side) to restrain the panel. In addition, there was a support in the centre 
to control the vertical position of the underside of the panel. The positions of these clamps 
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and the support are shown in Figure 3.1. All clamps and supports were affixed to aluminium 
blocks, which were in turn secured to the base by bolts. This allowed the vertical 
displacement of the clamps and supports to be adjusted by removal or insertion of metal 
shims at thicknesses of 0.1 mm (shown schematically in Figure 3.2). This allowed the setup 
of the cooling jig to be iteratively developed to bring panels into tolerance. 
 
Figure 3.1 Schematic figure of the position of the clamps and supports on the cooling jig used for flat panels 
 
Figure 3.2 Schematic figure of the fixturing of the toggle clamps and associated supports, showing the adjustment in the 
vertical direction through shimming of the column 
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3.4.2 Representative Component 
Similarly to the cooling jig used for the flat panels, the cooling jig for the representative 
components comprised of a flat aluminium plate, onto which seven aluminium supports are 
bolted. Six of these had toggle clamps to constrain the component onto the supports. This is 
shown in Figure 3.3. These supports were able to have their vertical position adjusted by 
addition or removal of shims from between the support and the base plate, as shown 
schematically in Figure 3.2. Some of these shims are seen in Figure 3.3. 
In addition to these supports, there is a hole in the base plate through which a bolt can pass 
into one of the threaded inserts co-moulded into the underside of the component, which 
allows the component to be correctly positioned in the jig. This is in the approximate 
position of the red X in Figure 3.3.  
 
Figure 3.3 Photograph of a representative component in the cooling jig, showing the supports and toggle clamps. The red X 
marks the approximate location of the threaded insert which is bolted to the base plate to locate the component in the jig 
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3.5 Characterisation Techniques 
3.5.1 Distortion Measurement 
To measure the level of dimensional distortion in flat panels and representative 
components (the results are presented in Chapters 4 and 5, respectively), measurement of 
the location of the surface was carried out using a ROMER Absolute Arm (Hexagon 
Manufacturing Intelligence, UK) with an integrated laser scanner. Geomagic Qualify 2013 
software was used to process the data and produce a 3D representation of the surface. This 
was compared to either a reference plane (for flat panels) or to a 3D CAD model (for 
representative components) to produce colour maps of the distortion. 
As well as considering the colour map, specific locations were used to provide points of 
reference with the measurement of distortion shown, allowing for more accurate 
comparison between samples. For flat panels, these points were taken from a regular 5x5 
grid. For the representative component, these locations were selected at the edge (the main 
region of interest, given the future application) and covered a variety of geometric features 
of the component (seen in Figure 3.1). Locations 1 and 2 are in the vicinity of a stainless-
steel insert (the sink mark of the insert can be seen in Figure 3.1). Location 3 is next to a 
change in thickness and a bend in the geometry of the component. Locations 4-6 are around 
the edge of a curved feature in the component, and locations 7-9 are placed on a section of 
minimum thickness, with a steep change in the thickness of the component between the 
flange on which they are located and the rest of the component. 
 
Figure 3.4 Measurement locations to measure the distortion of a representative component 
1 
2 
3 
4 
5 
6 
7 8 
9 
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3.5.2 Tensile Testing 
Tensile testing was carried out to investigate the failure mechanism and crack morphology 
of C-SMC, and to determine the ultimate tensile strength and Young’s modulus of the 
material. All tensile testing was carried out using an Instron 5025 universal testing machine, 
controlled by Bluehill 3 software, which was also used to collect the load data at a rate of 10 
Hz. The test was carried out at a cross-head displacement speed of 2 mm min-1. The method 
used for strain measurement is discussed in Section 3.4.3. 
 To investigate the crack morphology three 200 mm x 200 mm panels discussed in Section 
3.4.1 that were manufactured to investigate the distortion were each sectioned into four 50 
mm wide coupons, and strain was measured on both faces of the coupon. 
For determination of the ultimate tensile strength and Young’s modulus, panels were 
manufactured with a range of thicknesses and mould coverages, discussed in Chapter 6. All 
panels were square of dimensions 500 mm x 500 mm, moulded with a square charge 
centred within the panel. The dimensions of the tensile testing coupons derived from flat 
panels were designed to be as close to the sizes specified in standards as was possible, 
within the constraints of panel sizes available. The standards (BS EN ISO 527-4 and ASTM 
D3039) call for 25 mm width and 250 mm length (including 50 mm at each length for 
gripping) (BSI, 1997; ASTM International, 2000). The coupon length used in this investigation 
was 234 mm, due to panel size inhibiting use of 250 mm long coupon. 
To investigate the effect of coupon width on the mechanical properties, panels were 
sectioned as shown in Figure 3.2. This ensured that every panel produced benchmark 25.0 
mm wide specimens as well as the comparative width coupons (12.5 mm, 37.5 mm, or 50.0 
mm, depending on the panel). 
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Figure 3.5 Cutting plan for test coupons with different widths, showing 12.5 mm (left), 37.5 mm (centre), and 50.0 mm 
(right), with 25.0 mm wide benchmark specimens on each panel. 
To investigate the effects of coupon thickness and mould coverage on the mechanical 
properties, coupons of 25 mm width were cut according to the cutting plans shown in Figure 
3.3, giving coupons parallel (Figure 3.3(a)) and perpendicular (Figure 3.3(b)) to the primary 
flow direction. 
  
 
 
 
 
 
 
3.5.3 Strain Measurement by Digital Image Correlation 
Strain was measured using a Correlated Solutions digital image correlation (DIC) system. The 
gripping areas on each sample were measured and protected with masking tape and the 
samples were then covered with a base coat of white spray paint, until an even coat had 
been applied, before being speckled with black spray paint. Commercial acrylic paint was 
used.  A stereo camera system (Figure 3.4) was set up with 9.1MP Manta G-917B cameras, 
fitted with 35 mm lenses (f/1.6). For some tests, two systems were set up to capture data 
on the front and back of the samples, controlled by a single computer to enable the two 
systems to capture images simultaneously. Prior to capturing images of the test coupons, 
a b 
Figure 3.6 Cutting plan for test coupons with tensile test coupons cut parallel (a) and 
perpendicular (b) to the primary flow directions, which are shown by arrows 
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images of a calibration board were taken with the board in varying positions and angles. 
This allowed the software to locate the positions of the cameras in each pair in reference to 
one another. The pairs of images were then post-processed to calculate the displacement of 
the speckles from each other during the test, and from this the surface strains. Correlated 
Solutions’ software packages VicSnap and Vic3D were used to capture and post-process the 
images respectively. As the strains within this material are variable depending on the 
mesostructure, the modulus could vary depending on which measurement of strain is used. 
As such, the strains across the full face of the coupon were averaged to calculate the strain 
used for the modulus measurement.  Taking multiple images whilst unloaded allowed for 
the error on this strain measurement technique to be quantified and was found to be ±0.3 
x103 µε. 
 
Figure 3.7 Stereo camera system set up for capturing data on the front and back face of a sample 
3.5.4 X-ray Micro Computed Tomography 
X-ray micro Computed Tomography (X-ray CT) was carried out at the National Composites 
Centre, Bristol, U.K., in collaboration with the University of Bristol. A Nikon XTEK XTH 320 
instrument was used with a tungsten target, a beam energy of 75 kV, and a current of 250 
µA. 3142 projections were taken through 360o, with 2 frames per projection. A resolution of 
53 µm was obtained, which was insufficient to image individual fibres, but was sufficient to 
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examine the tows. The fibre alignment module from Volume Graphics Studio Max was used 
to determine the angle of fibre tows in the mesostructure. 
3.5.5 Reflected Light Microscopy 
Microscopy was carried out using a Zeiss Axiophot 35 mm reflected light microscope with a 
variety of magnifications (described in the micrograph captions). 
3.6 Statistical Analysis 
3.6.1 Combination of Data 
Data can be considered to either be structured or unstructured. Structured data have 
differences between different sample populations and may need to be considered 
separately according to this structure. Structure can be introduced to composite materials 
data in many ways, for example: 
• Fibre batch 
• Resin batch 
• Material batch 
• Panel manufacture 
• Panel thickness 
• Orientation 
• Environmental conditions 
In this thesis, structure is introduced to the tensile strength and Young’s modulus of the flat 
panels through panel thickness, mould coverage, coupon width, orientation of coupons to 
the flow direction, panel manufacture (between nominally identical panels). The data from 
different sample populations were tested for structure using the Anderson-Darling k-sample 
test, as discussed in MIL-HDBK-17 (USDOD, 1997) and previously in Section 2.9.2. This was 
used to assess whether nominally identical panels were structured, and grouping of panels 
with the same thickness and mould coverage, but different coupon orientations. Where the 
data was found to be unstructured between these groups, the data were combined to 
provide larger sample sizes for analysis. 
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3.6.2 Outliers 
Outliers were detected using the MNR method described in Section 2.9.3. Once an outlier 
had been detected using this test the numerical data was checked, followed by the images 
of the test captured for DIC (to check alignment of the sample in the grips), and finally the 
physical sample was inspected. The criteria for data deletion was if the data could not be 
corrected, the test was not carried out correctly, or the sample was defective. 
3.6.3 Fitting to Distributions 
The tensile strength data were fitted (in the combined samples discussed in Section 3.5.1) to 
the Weibull, normal, and lognormal distributions per the methodology set out in MIL-HDBK-
17. This uses an Anderson-Darling goodness-of-fit test to calculate the observed significance 
level, however, this test is weak for small sample sizes. As such, a graphical method was also 
used to compare the distribution of the data to the distribution it was being fitted to. The 
descriptive statistics were then calculated for comparison of data between the structured 
data. 
For the Young’s modulus, the Weibull distribution is not considered to be a useful 
distribution – the modulus does not physically fit the concept of probability of survival in the 
same manner as strength. As such, the normal distribution was used with the Anderson-
Darling goodness-of-fit test again used to assess the fit, and the descriptive statistics were 
then calculated. 
3.6.4 Significance Testing 
Significance tests were applied to the data to compare the normal distributions according to 
the structure of the data, to assess significance of differences between the distributions. For 
comparison of two distributions, an independent samples t-test was used, along with 
Levene’s test for homogeneity of variance. In the case of comparing more than two 
distributions, one-way ANOVAs were run with Scheffé’s test applied as a post hoc test, and 
Welch’s test was run with the Games-Howell tests applied as a post hoc tests. Levene’s test 
for homogeneity was run simultaneously, and if Levene’s test was non-significant, the 
results from the ANOVA and Scheffé’s test were used. If Levene’s returned a significant 
result, Welch’s test and the Games-Howell test were used. 
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3.7 Summary 
Based on a preliminary investigation by the sponsor, a C-SMC material was selected based 
on reduced variability combined with price. This C-SMC comprises 12k tows, 25 mm in 
length embedded in an epoxy acrylate matrix. This material was characterised for distortion 
using a laser scanner on a ROMER arm, mechanical properties in tension using a universal 
testing machine with DIC to measure the strain, and µCT and reflected light microscopy 
were used to analyse the mesostructure. The mechanical properties were analysed using 
the statistical methodology in MIL-HDBK-17, which comprises an Anderson-Darling k-sample 
test for structured data, and fitting to the Weibull, normal, and lognormal distributions. 
Independent sample t-tests and one-way ANOVAs were run on the normal distributions to 
test for significant differences between distributions.  
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4 Dimensional Stability of Flat Panels 
4.1 Introduction 
As discussed in Section 2.5 the dimensional stability of components moulded from SMC can 
be a difficult issue in manufacturing components. With components moulded from G-SMC 
this has been less of an issue as the components tend to be less structurally significant, 
enabling bending/twisting of components that are out of tolerance during assembly. The 
use of low-profile additives (LPAs) and other fillers are also used to reduce the amount of 
distortion. Neither of these is an acceptable solution for structural parts made with C-SMC 
due to the potential for introducing deleterious stresses during assembly of bonded parts, 
or the additives discussed above reducing the material strength and stiffness.   
To understand how to mitigate these issues, the factors affecting the dimensional stability 
of components moulded from C-SMC have been investigated through the moulding of flat 
panels. The factors considered have included charge placement, mould coverage, panel 
thickness, tool temperature, cure time, the use of a cooling jig, and the rate of cooling. To 
measure the distortion, panels were measured by a laser scanner on a ROMER arm, as 
described in Section 3.4.1, and compared to a plane. In addition, flat panels were sectioned 
into tensile test coupons and subject to loading whilst the strains were analysed by DIC, and 
these results compared with images obtained through X-ray computed tomography. This 
comparison was carried out by matching meso-structural features that were identifiable in 
both the DIC and CT data. 
Flat panels with dimensions 250 mm x 250 mm, and thicknesses of 2 mm, 4 mm, and 6 mm 
were moulded. These panels were used to investigate the effect on the dimensional 
distortion of mould coverage, the charge placement within the mould cavity, the effect of a 
temperature difference between the two halves of the mould, the thickness of the panel 
and the effect of using a cooling jig. The 31 panels moulded, along with the variable to be 
investigated and the percentage mould coverage, are shown in Table 4.1. This set of 
experiments took place as part of a practical problem solving exercise to find the cause and 
solution for warpage of components during a prototyping phase. As such, there was a 
restricted time frame, which limited the number of panels that could be manufactured, 
preventing repeats. As such, only the samples listed in Table 4.1 were manufactured. 
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Table 4.1 The flat panels moulded, along with the mould coverage used 
Sample Description Mould Coverage / % Sample Description Mould Coverage / % 
FP001 Reference panel 1 25 FP017 6 mm thick panel 72 
FP002 Reference panel 2 72 FP018 Two charges, opposite sides of mould 60 
FP003 BS ISO 1268-8 reference panel 100 FP019 Two charges in centre of mould 60 
FP004 60% mould coverage 60 FP020 One charge along edge of mould 60 
FP005 80% mould coverage 81 FP021 Reference panel 2 in nominal jig 72 
FP006 Charge out-of-centre (towards back left corner) 60 FP022 Reference panel 2 in nominal jig 72 
FP007 Charge out-of-centre (towards back left corner) 25 FP023 Reference panel 2 in nominal jig 72 
FP008 Charge in front right corner 60 FP024 Adjustment to jig (1) 72 
FP009 Charge in front right corner 25 FP025 Adjustment to jig (1) 72 
FP010 Charge in centre of right hand edge 60 FP026 Adjustment to jig (2) 72 
FP011 Charge in centre of right hand edge 25 FP027 Adjustment to jig (2) 72 
FP012 Rectangular charge (180 mm x 135 mm) 60 FP028 Adjustment to jig (2), order of clamps 72 
FP013 Temp. difference (135oC L, 125oC U) 72 FP029 Adjustment to jig (2), order of clamps 72 
FP014 Temp. difference (137oC L, 129oC U) 72 FP030 Adjustment to jig (2), order of clamps 72 
FP015 Temp. difference (139oC L, 135oC U) 72 FP031 Adjustment to jig (2), order of clamps 100 
FP016 4 mm thick panel 72    
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4.2 Results & Discussion 
4.2.1 Distortion of Flat Panels 
4.2.1.1 Introduction 
Panels were moulded with the variables adjusted as shown in Table 4.1. They were then laid 
on a flat metal plate and measured using the laser scanner as discussed in Section 3.4.1. A 
typical result is shown in Figure 4.1. The colour map represents deviation from a plane; for 
example, the dark blue region in the bottom right-hand corner represents a deviation into 
the page of 2 mm. By contrast the dark red in the bottom left-hand corner represents a 2 
mm deviation out of the page. The green region in the centre of the panel represents an 
area with little to no distortion. The notation used considers positive and negative distortion 
as an axis orthogonal to the plane of the page, with the positive direction extending out of 
the page. The bar on the left-hand side shows the colour gradations quantitatively in units 
of millimetres. On each colour map, there are 25 labelled points, showing the distortion at 
that location (Figure 4.1). For this work, the acceptable tolerance on the deformation is ±1.0 
mm. 
 
Figure 4.1 A typical colour map of the distortion of a flat plate, showing the colour gradations from a 
distortion of 2 mm into the page (dark blue) to a distortion of 2 mm out of the page (dark red). Green 
represents the neutral plane. 
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4.2.1.2 Effect of Mould Coverage on Distortion of Flat Panels 
The first factor considered was mould coverage. This was evaluated by producing panels, all 
of the same nominal thickness, with the charge placed in the centre of the mould cavity 
with the charge covering 25%, 61%, 72%, 81% and 100% of the cavity area. These were 
panels FP001, 004, 002, 005, and 003 respectively. The colour maps of deviation from a flat 
plate are shown in Figure 4.2. FP001, moulded with 25% coverage is shown in image Figure 
4.2(a) and shows significant deviation in the top right corner of -3.2 mm. The other corners 
experienced far less deviation, of 0.5 mm, -0.3 mm and 0.7 mm (clockwise from the top 
right corner). Panel FP004, moulded with 61% mould coverage and shown as Figure 4.2(b), 
experienced greater distortion at the corners, with distortion of -3.8 mm, 1.9 mm, -0.7 mm 
and 2.4 mm (clockwise from the top right corner). FP002, moulded with 72% mould 
coverage and shown as Figure 4.2(c), also experienced its main distortions in the corners of -
2.0 mm, 0.5 mm, -1.2 mm and 0.93 mm. This is lower than that for the panel moulded with 
61% mould coverage and in the top right corner is considerably lower than the 25% 
coverage panel but greater in the other three corners.  
Considering the panels moulded with mould coverages of 81% (Figure 4.2(d)) and 100% 
(Figure 4.2(e)), it is interesting to note that the main distortions do not occur at the corners. 
In contrast, the distortions in the centre of the sides are, starting from the top edge and 
progressing clockwise, 1.5 mm, -1.1 mm, 1.6 mm and -1.2 mm for (d) and -0.5 mm, 0.9 mm, 
-0.7 mm and 0.7 mm for (e). 
When considering the colour maps shown in Figure 4.2, it appears above a certain mould 
coverage, the distortion is shifted from occurring in the corners to along the sides of the 
panels – compare Figure 4.2(c) with 4.2(d), for example. This occurs due to sufficient flow 
towards the corners for preferential tow alignment in the panels with mould coverages of 
25%, 61% and 72%. In the higher coverage panels, there is not enough flow to allow for this 
flow orienting phenomena to take place – instead the dominant mechanism is thought to be 
either tow realignment at the mould edges or a heating effect. This is further analysed and 
discussed in Section 4.2.2. 
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Figure 4.2 Effect of mould coverage on distortion of a flat plate, showing distortion for coverage of (a) 25%, (b) 61%, (c) 
72%, (d) 81%, and (e) 100% 
Along with the distortion occurring in different locations with increased mould coverage of 
the charge, it appears from Figure 4.2 that the overall level of distortion is reduced with 
increased mould coverage. Figure 4.3 shows the level of distortion in each panel from the 25 
labelled locations plotted as a normal distribution. In these probability density plots, a 
a b 
c 
d 
e 
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higher, narrower bell curve demonstrates a panel with consistent levels of deformation, 
whilst the location of the peak provides the information as to where the average of the 
deformation occurs. For a panel with symmetric or no warpage this mean would be 
expected to fall on 0 mm. A “good” panel can be expected to have a low spread, be centred 
on zero, with a high peak. A “bad” panel would be expected the have a wider, shorter curve. 
 
Figure 4.3 Distribution of distortions for panels manufactured with different mould coverages 
Considering Figure 4.3, it is clear that FP004 (61% mould coverage) has the worst distortion 
of the 5 panels considered. Inspecting Figure 4.2(b), large regions in the top right, top left, 
and bottom right have substantial levels of warpage. In comparison, FP001 (25% coverage) 
has a better overall warpage, but the mean is offset further from 0 mm than that of FP004 (-
0.39 mm compared to -0.16 mm). FP001 only has one corner that is severely distorted, and 
this is in the negative direction. Two corners are distorted in the positive direction but only 
slightly exceeding the targeted tolerance of ±0.5 mm. Both FP002 and FP005 (72% and 81% 
mould coverage, respectively) both show improvement over FP001 and FP004, with higher 
peaks and reduced variability, although FP002 displays improved levels of distortion 
compared to FP005. Considering both Figures 4.2 and 4.3 it is apparent that FP003, moulded 
at 100% coverage has the best overall levels of distortion from these five panels, with a 
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mean of 0.13 mm and a standard deviation of 0.48 mm, which compares favourably to a 
mean of -0.17 mm and a standard deviation of 0.70 mm for FP002 – the next best panel.  
4.2.1.3 Effect of Location of Charge on the Distortion of Flat Panels 
Following from the finding that the increased mould coverage resulted in a change in 
location of the high regions of distortion in a panel, the next factor investigated for its effect 
on the distortion was the location of the charge within the mould cavity, to assess the effect 
that tow realignment due to flow had on the distortion. This factor was investigated by 
comparing the distortion of panels where a square charge was placed in (a) the centre, (b) 
slightly offset from the centre (towards the top left corner), (c) in the bottom right corner, 
and (d) in the centre of the right-hand edge. These panels were produced both with 60% 
(Figure 4.4) and 25% (Figure 4.5) mould coverage. 
In Figure 4.4(a), where a 60% mould coverage charge was placed in the centre, the greatest 
distortions occurred at the corners. This is particularly noticeable at the top right corner 
with a measured warpage of -3.8 mm, and the top left corner with a measure warpage of 
2.4 mm. This finding was replicated with the panel shown in Figure 4.5(a) – the same charge 
position but with a 25% mould coverage. The panel shown in Figure 4.4(b) had low levels of 
distortion, and the distortion predominantly occurs along the left- and right-hand edges of 
the panel. The panel with the same charge placement but lower mould coverage (Figure 
4.5(b)) also had the distortion concentrated along the edges, but the level of this distortion 
was much higher (a greatest distortion of 1.4 mm in Figure 4.5(b) compared with 0.8 mm in 
Figure 4.4(b)). Panel (c) in both figures had the distortion occurring in a corner, but offset to 
one edge, instead of spreading symmetrically either side of the corner. In the case of panels 
(c), the panel with the lower mould coverage had reduced distortion in comparison to that 
with higher mould coverage, in contrast to the results of panels (b). The panel shown in 
Figure 4.4(d) has the distortion concentrated in the corners similarly to panel (a), giving the 
classic saddle shape of an unbalanced laminate. The lower mould coverage panel with the 
same charge placement (Figure 4.5(d)) has a very contrasting distortion pattern to Figure 
4.4(d), with very low distortion which is concentrated along the edge of the panel where the 
charge was initially placed. 
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The distortion pattern seen in Figure 4.4(a) and Figure 4.5(a) was expected as the longest 
flow paths in this condition were towards the four corners, with those towards the edges 
being considerably shorter. Considering the distributions of distortion shown in Figures 4.6 
and 4.7, this central location was the worst condition in terms of distortion for the position 
of the charge. For both mould coverage conditions, slightly offsetting the charge from the 
centre of the panel has resulted in improved levels of distortion, and in the case of the 
charge with 60% coverage this is the best case overall (the second best for the case of 25% 
coverage). The distortion seen in Figure 4.5(b) was expected, with longer flow paths to the 
bottom and right-hand edges, and the bottom right corner, whilst having much shorter flow 
to the top and left, resulting in the top-left region remaining quasi-isotropic in terms of the 
Figure 4.4 Effect of charge (60% mould coverage) placement on distortion of a flat plate. The panels are: (a) FP004, charge placed in 
the centre; (b) FP006, a charge offset from the centre towards the top left corner; (c) FP008, charge placed in the bottom right 
corner; (d) FP010, charge placed in the middle of the right-hand edge 
a b 
c d 
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material reinforcement. It is not understood as to why this pattern was not replicated with 
the higher coverage charge. 
 
The panels shown in Figures 4.4(c) and 4.5(c) were expected to experience distortions in the 
top left, top right, and bottom left corners, and to be approximately symmetrical across a 
line running from the top left corner to the bottom right, but this was not seen in either 
panel. The distortion in the higher coverage panel (Figure 4.4(c)) was approximately 
symmetric, with an average distortion of 0.04 mm (Figure 4.6). These two panels had a very 
similar standard deviation of the distortion, with 0.75 mm for the panel with 60% coverage, 
and 0.84 mm for the 25% coverage panel. 
Figure 4.5 Effect of charge (25% mould coverage) placement on distortion of a flat plate. The panels are: (a) FP001, charge 
placed in the centre; (b) FP007, a charge offset from the centre towards the top left corner; (c) FP009, charge placed in the 
bottom right corner; (d) FP011, charge placed in the middle of the right-hand edge 
a 
b 
c 
d 
a b 
 71 
 
  
As discussed, the two panels moulded with the charge in the centre of the right-hand edge 
had very different levels of distortion and distortion patterns. The dimensionally stable 
region along the right-hand edge of the Figure 4.4(d) was expected as this region would 
have experienced low flow and so the reinforcement would have remained quasi-isotropic. 
The distortion in the top and bottom left corners was also expected due to the longest flow 
paths being to these regions. The levels of distortion in the top and bottom right corners 
were not expected but can be explained by redirection of the tows at the mould edges in 
these regions as the flow is redirected along the edges of the panels. In contrast, the 
dimensional stability of the 25% coverage panel moulded in this condition was unexpected, 
especially with the level of distortion in the centre of the right-hand edge. Given the 
location of this distortion and the uniformity of the rest of the panel, there is a strong 
likelihood of it being linked to the charge position, but no explanation has been found for 
this. These results seem to confirm that the tow re-orientation due to flow is responsible for 
the dimensional distortion found. 
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Figure 4.6 Distributions of distortion for panels moulded with a charge of 60% mould coverage placed in different locations 
in the mould cavity. 
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4.2.1.4 Effect of the Shape of Charge on the Distortion of Flat Panels 
After the consideration of the charge size and positioning of equally sized and shaped 
charges, the next factor investigated for its effect on the warpage was the shape of the 
charge. Five differently shaped charges, all of 60% mould coverage, were used and are 
sketched onto the distortion colour maps shown in Figure 4.8. These were (a), a square 
charge placed in the centre of the mould cavity (FP004); (b), a rectangular charge placed in 
the centre of the mould (FP012); (c), two rectangular charges (of length equal to the full 
width of the mould cavity) placed along opposite edges of the cavity (FP018); (d), two 
rectangular charges (of length equal to the full width of the mould cavity) placed adjacent to 
one another in the centre of the cavity (FP019); (e) one rectangular charge (of length equal 
to the full width of the mould cavity) placed along one edge of the mould cavity (FP020). 
The panel moulded with a square charge in the centre (Figure 4.8(a)) is FP004 and has 
already been discussed regarding Figure 4.2 and Figure 4.4. The panel shown in Figure 
4.8(b), moulded with a single rectangular charge in the centre, had a large dimensionally 
stable region in the centre of the panel, where the charge was placed. At the left- and right-
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Figure 4.7 Distributions of distortion for panels moulded with a charge of 25% mould coverage placed in different locations 
in the mould cavity 
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hand edges of the panel there was distortion, with the warped area larger on the left-hand 
side than on the right. The magnitude of these distortions was much lower than for the 
square charge (a maximum of 1.2 mm compared with 3.8 mm). It was expected that these 
regions would warp as these have the longest flow path in this panel and therefore would 
undergo the most tow realignment. This charge shape produced the best panel in terms of 
distortion of the different shapes trialled. This is clear both from the colour map of 
distortion and comparison of the distortion distributions shown in Figure 4.9. 
The panel moulded with two rectangular charges on opposite sides of the mould (Figure 
4.8(c)) experienced distortion both at the top and bottom edges (where the charges were 
placed), and in the centre of the other left- and right-hand edges where the flow fronts met. 
The greatest level of distortion occurred at the top and bottom edges compared to the left- 
and right-hand edges. The distortion at centre of the left- and right-hand edges may be due 
to tow realignment at the meeting of the flow fronts, to align parallel with the flow fronts at 
the weld line. This weld line across the centre of the panel also contained considerable 
porosity that was visible on the surface. The panel shown in Figure 4.8(d) had a very similar 
distortion pattern to that shown in Figure 4.8(c), the difference being that the charges were 
placed side-by-side in 4.8(c) and on opposite sides of the mould cavity in (d). The panel 
shown in (d) also produced a visible weld line (Figure 4.10). This weld line did not appear to 
contain as much porosity as in FP018, which is expected as the joining of the two charges 
should be more consistent in this case. When considering the distortion distributions, these 
two panels are also seen to be very similar (Figure 4.9), with standard deviations of 0.58 mm 
and 0.67 mm, respectively. The single rectangular charge placed along one side of the 
mould cavity resulted in an extreme level of distortion in one corner with distortion of 4.2 
mm, with the rest of the panel tending to correspond to the neutral plane. These results 
seem to support those of the charge placement that fibre orientation due to flow is 
responsible for significant levels of distortion. The results also demonstrate that the joining 
of flow fronts must be avoided where possible when moulding components from C-SMC, 
due to tow realignment along the flow front (preventing tows bridging this line and 
therefore providing a potential weak region), distortion, and porosity.  
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Figure 4.8 Effect of charge shape on distortion of a flat plate. Charge of 60% mould coverage placed in (a) a square in the 
centre; (b) a rectangle in the centre; (c) two rectangles (full width of plate) along the top and bottom edges; (d) two 
rectangles (full width of plate) adjacent in the centre; (e) one rectangle (full width of plate) along the bottom edge. 
a b 
c d 
e 
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Figure 4.9 Distribution of distortion in panels moulded with different charge shapes (mould coverage of 60%) 
 
Figure 4.10 Photo of weld line in panel FP019 
4.2.1.5 Effect of Temperature Difference on the Distortion of a Flat Panel 
Having considered the effects of charge size, position, and shape on the distortion of a flat 
panel, the next factor considered was a temperature difference between the top and 
bottom parts of the mould tool. This is a known factor in the distortion of monolithic 
polymers, and is a factor during manufacture of components due to the cooling of the tools 
if the mould is open for too long. Given the findings in the literature (as discussed in Section 
2.5), this was not expected to have a considerable effect although needed to be investigated 
in case the difference in temperature affected the flow and therefore orientation 
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distribution of the reinforcement. This change in flow could arise from different curing rates 
between the top and bottom surfaces of the panel. Four temperature differences were used 
in moulding panels with a charge with 72% mould coverage to assess the effect on warpage 
and the colour maps of the distortions are shown in Figure 4.11. The first panel (Figure 
4.11(a) – FP002) was used as a benchmark with no temperature difference between the top 
and bottom tools of the mould – both at 137 oC. This panel had the symmetrical distortion 
pattern with warpage confined to the corners that has been discussed previously. The 
second panel moulded (Figure 4.11(b) – FP013) had a temperature difference of 10 oC 
between the top and bottom tool, with the top cooled to 125 oC and the bottom at 135 oC. 
The distortion colour map and the distribution of distortions shown in Figure 4.12 show that 
this panel had least distortion of the four panels considered here (including a standard 
deviation of the distortion of 0.35 mm). However, this result is not useful in a consideration 
of minimising the distortion – the panel was not fully cured on removal from the mould and 
was still soft and pliable. It is common practice for a cure inhibitor (often an enzyme) to be 
included in SMC formulations to increase out life, and it is considered that the temperature 
used in moulding this panel was insufficient to completely destroy this cure inhibitor. For 
the third panel the temperature of the top tool was increased by 4 oC (to 129 oC) and the 
bottom by 2 oC (137 oC) to reduce the temperature difference to 8 oC, whilst ensuring the 
tool was hot enough to destroy the cure inhibitor – an enzyme that extends the shelf life of 
the product. This panel had considerable distortion at the top of the left-hand side and the 
right-hand side of the top edge (Figure 4.11(c)), with distortions in these regions having 
magnitudes of approximately 2.5 mm.  Considering the distribution of the distortion shown 
in Figure 4.12, it is evident that this panel was the worst case of these four in terms of the 
overall distortion. For the final panel the temperature difference was reduced to 4 oC, with 
the top tool being increased to 135 oC and the bottom tool to 139 oC. The level of distortion 
achieved in this panel (Figure 4.11(d)) was very similar to that of the baseline panel although 
the regions that warped were the sides of the panel as opposed to the corners. Figure 4.12 
shows that the distribution of the distortions in these two panels were comparable. The 
comparable levels of distortion between these two panels was expected as the distortion is 
expected to be dominated by the reinforcement. The difference in the form of the distortion 
(in the sides versus the corners) cannot currently be explained. 
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Figure 4.11 Effect of temperature difference between the top and bottom of the mould on the distortion of a flat plate 
moulded at 72% mould coverage. The temperatures of the upper and lower were: (a), 137oC and 137oC; (b), 125oC and 
135oC; (c) 129oC and 137oC; (d), 135oC and 139oC. 
These results show that small differences in the temperature of the upper and lower mould 
tools are not important in controlling the levels of deformation in flat panels, but it is 
important to ensure that both tools are at sufficient temperature to destroy any cure 
inhibitors in the compound. 
 
a 
b 
c d 
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Figure 4.12 Distribution of distortion for 4 panels moulded with differences in temperature between the top and bottom 
mould tools. FP002 has no difference, FP013 has 10 oC difference, FP014 had 8 oC difference, and FP015 had 4 oC difference. 
4.2.1.6 Effect of Panel Thickness on the Distortion of Flat Panels 
Following from the consideration of the difference in temperature of the tool, the thickness 
of the panels was considered. This was to investigate whether a thicker panel would be able 
to overcome the distortion affects due to the increase in the bending stiffness of the panel, 
or whether the orientation of the reinforcement through the thickness would still result in 
thicker panels undergoing distortion. To investigate this, panels of thickness 2 mm (FP002), 
4 mm (FP016), and 6 mm (FP017) were moulded. The colour maps of the distortions of 
these panels are shown in Figure 4.13, where (a) shows the distortion of FP002, moulded at 
2mm thickness; (b) the distortion of FP016, moulded at 4 mm thickness; (c) the distortion of 
FP017, moulded at 6 mm thickness. Whilst the 2 mm thick panel has distortions in the 
corners (Figure 4.13(a)), both the 4 mm and 6 mm panels have very little distortion with just 
small amounts at the edges. The 6 mm thick panel, shown in Figure 4.13(c) has the greatest 
distortion of the thicker two panels with a single point measurement showing a distortion of 
0.43 mm.  
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Figure 4.13 Colour maps of the distortion of three panels moulded at 72% mould coverage with mould depths of (a) 2mm; 
(b) 4mm; (c) 6 mm. 
Figure 4.14 shows the distribution of the distortions in these three panels, and the 
distributions for the 4 mm and 6 mm panels are very similar, with means of 0.03 mm and 
0.06 mm, respectively, and standard deviations of 0.11 mm and 0.12 mm. In contrast, the 2 
mm thick panel has a much shorter, wider peak, with a mean of -0.17 mm and a standard 
deviation of 0.70 mm. From these results, it is clear that thicker panels are not subject to 
the same levels of distortion as smaller panels. It is unclear from these results as to whether 
this is purely an artefact of the increased bending stiffness of these thicker panels, or if 
there is a frictional effect from the surfaces of the mould tool in realignment of tows that 
has a greater effect in thinner panels than thicker panels due to the surface to volume ratio. 
If this were the case, it would be expected that, in a thicker panel, flow alignment would 
occur to a greater degree in the surface layers of the panel when compared to the bulk, 
a 
b 
c 
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resulting in a panel that has a lower proportion of fibres that have undergone flow 
alignment, resulting in a more quasi-isotropic panel, with lower levels of distortion. 
 
Figure 4.14 Distribution of distortion of panels moulded with 72% mould coverage and different thicknesses: 2 mm (FP002); 
4 mm (FP016); 6 mm (FP017) 
4.2.1.7 Effect of Use of a Cooling Jig on the Distortion of a Flat Panel 
Following on from investigating variables connected to the charging and moulding of panels 
that may affect distortion, the possible influence of a cooling jig was considered. The cooling 
jig consisted of a machined aluminium plate, with adjustable clamps at each corner, in the 
centre of each side and an adjustable support in the centre. The panel would be placed on 
the supports and then clamped in place whilst it cooled. Adjustment of the clamps and 
supports was achieved by use of laser cut shims, such that addition or removal of the shims 
would raise or lower the height of the clamps and supports. Initially, the jig was set up such 
that each clamp and the centre support were at the same height (referred to as the nominal 
position). A reference panel, cooled without a jig, was then compared to three panels 
produced in an identical fashion and cooled using this set up of the supports and clamps. 
Figure 4.15 shows colour maps of the distortion of these four panels, with Figure 4.15(a) 
showing the distortion of the panel cooled without use of a cooling jig (FP002) and (b), (c), 
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and (d) panels that were cooled with identical setting of the jig (FP021, FP022, and FP023, 
respectively). 
 
Figure 4.15 Effect of the use of a cooling jig with nominal set up on the distortion of a flat plate, showing distortion for 
panels with: (a) no cooling jig (FP002); (b), (c), and (d), three trials with a nominal cooling jig (FP021, FP022, and FP023 
respectively). 
The panel cooled without the cooling jig demonstrated the majority of its deformation at 
the corners with distortions of -2.0 mm, 0.5 mm, -1.2 mm and 0.9 mm (progressing 
clockwise from the top right corner). Panels (b) and (d) experienced similar patterns of 
distortion to each other, with the top left and bottom right corners distorting out of the 
plane of the page and the top right and bottom left distorting into the page. These 
distortions were found to be -1.7 mm, 1.6 mm, -0.7 mm and 2.0 mm for panel b and -1.2 
mm, 2.3 mm, -2.6 mm and 2.5 mm for panel (d) (progressing clockwise from the top right 
a 
b 
c 
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corner). Panel (c), however, had a very different pattern of distortions, with the distortions 
mainly occurring along the sides rather than in the corners and the level of distortion 
appearing to be much lower, shown in Figure 4.15(c) by the lack of dark blue or dark red 
(the largest distortion, of -1.0 mm is in the centre of the left-hand side).  
When the distributions of the distortions are considered (Figure 4.16), the panel moulded 
without use of a cooling jig developed less overall distortion than the panels shown in Figure 
4.15(b) and (d). The panel shown in Figure 4.15(c) underwent even less warpage. This 
difference in FP022 compared with FP021 and FP023 suggests that another factor may be 
involved as all three panels were produced with the same moulding conditions and the 
same cooling jig. The very similar distortion patterns and distributions of distortions in 
panels FP021 and FP023 indicated that the use of a cooling jig may be able to affect the 
distortion of the panel by inducing consistent levels of deformation. 
With the circumstances discussed at the beginning of the chapter, this is notable as being 
one of the few occasions where it is possible to compare several nominally identical panels: 
FP021, FP022, and FP023. As has already been discussed, the pattern of the distortion in 
FP022 (Figure 4.15(c)) is different to that of FP021 and FP023 (Figure 4.15(b) and (d)), with 
the distortion occurring in the sides rather than as the corners. FP021 and FP023 had very 
similar patterns to one another, although the scale of the distortions in FP023 was greater, 
as discussed. When the distributions of the distortions are considered (Figure 4.16) it is clear 
that FP022 has a very different distribution of distortions to the others, with distortions 
ranging from -1.0 mm to 1.1 mm and a high probability density (0.8) at a mean distortion of 
0.0 mm. In contrast, FP021 and FP023 have means of 0.1 mm at probability densities of 0.4 
and 0.3, respectively, although FP023 has a greater range of distortion than FP021. The 
variation between the three panels suggests that there is natural variation in the level of 
distortion, although the large difference between FP022 and the other two panels suggests 
that FP022 might be an outlier. This is further discussed in Section 4.2.1.8, where the 
clamping process was investigated – a variable not controlled for on these panels. 
The influence of the cooling jig on the overall distortion of the panel was then investigated 
further by adjustment of the jig using shims under certain supports and clamps to alter their 
heights. Initially the clamps in the top-left and bottom-right corners were lowered to correct 
for the distortions seen in Figure 4.15(b) and (d). A further adjustment was made to the jig 
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to investigate the effect on forcing distortion in the panel when the centre support was 
raised to overbend the panel. The results of these adjustments are shown in Figure 4.17, 
with (a) demonstrating the initial setting of the cooling jig; (b) and (c) the adjustments to the 
top-left and bottom-right corners; (d) and (e) the additional raising of the centre support.  
 
Figure 4.16 Distribution of distortions for three panels cooled using of a cooling jig with a nominally flat setting (FP021, 
FP022, and FP023), compared to a panel cooled without use of a cooling jig (FP002). 
The panels shown in Figure 4.17(b) and (c) both show a large blue region in the top-right 
corner, and a much smaller blue region in the bottom-right corner. The distortions in the 
bottom-left and top-right corners are in the same direction in both panels, but the size of 
the regions and magnitudes of the distortions are quite different between the two panels; 
notably the top-right corner of (b) has the greatest out-of-plane distortion at over 4 mm, 
whilst (c) is at only 1.8 mm. When the distributions of the distortion in these two panels are 
compared, the width and height of the peaks are comparable, but the mean of (b) (FP024) is 
0.17 mm compared to -0.62 mm for (c) (FP0025). Comparing the colour maps of the 
distortion of both these panels to that of the nominal case shown in Figure 4.17(a) clearly 
demonstrates that the adjustments to the top-left and bottom-right of the cooling jig have 
resulted in controlling the distortion in these regions. 
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Figure 4.17 Effect of adjustment of a cooling jig on the distortion of a flat plate, showing the distortion produced from: (a), 
the nominal setting of the jig (FP021); (b) and (c), lowering of the top-left and bottom-right corners to correct the 
distortions seen in (a) (FP024 and FP025); (d) and (e), the raising of  the centre support to overbend the panel at the centre 
(FP026 and FP027). 
a b 
c d 
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Overbending the panel in the centre was an attempt to bring the edges and corners of the 
panel to the neutral plane as required for bonding of components. This was achieved for the 
panel shown in Figure 4.17(d), where the main region of distortion is an approximately 
circular region in the centre of the panel. This deformation was expected due to the central 
support being raised for overbending and provides further evidence that the warpage can 
be controlled by use of a cooling jig. There are small regions of distortion at some of the 
edges and corners, for example, in the centre of the left-hand edge, and in the top corners. 
Considering the distribution of the distortion shown for this panel shown in Figure 4.18, this 
panel has the best levels of distortion of the four under consideration here, approximately 
centred on zero and with all distortions of ±1 mm. This distortion pattern was not repeated 
in the panel shown in Figure 4.17(e), despite being moulded with the same conditions and 
cooled on the same jig – a similar issue to that discussed previously with regards to the 
nominal jig. 
 
Figure 4.18 Distribution of distortion for adjustments to a cooling jig, comparing the nominal setting (FP021) with 
corrections to the top-left and bottom-right corners of the jig (FP024 and FP025), and the raising of the centre support to 
overbend the panels (FP026 and FP027). 
This again provides an opportunity to consider sets of nominally identical panels; in this 
instance FP024 and FP025, and FP026 and FP027. As discussed, these have a similar level of 
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distortion, and distribution, though in opposite directions. Comparing FP026 and FP027, 
however, there is much greater variation, with FP026 having all distortion contained within 
±0.9 mm, whereas FP027 has distortion greater than ±2.5 mm, and the pattern of the 
distortion is distinctly different. During the cooling of these panels, the clamping order of 
the cooling jig was not controlled for and is considered to have been a source of the 
variability seen here. This was then investigated, and the results are described and discussed 
in Section 4.2.1.8.  
4.2.1.8 Effect of Closing Order of Cooling Jig Clamps of the Distortion of Flat Plates 
Following the unexpected and inconsistent results seen in Figure 4.15(c) and Figure 4.17(e) 
the processes used from making the charge through to measurement of the panel were 
audited to find where inconsistencies were being introduced for investigation as to whether 
these were causing the effects seen. This found that the only inconsistency was in the order 
that the clamps of the cooling jig were closed for these panels – most panels had the clamps 
closed in the same order, but for several panels a different operator had been closing the 
clamps with a variable technique. This presented as a real risk to consistent components in a 
production environment and so a panel known to have had the clamps closed in a random 
order (FP027) was selected as a base case with the distortion of this panel shown in Figure 
4.19(a). This panel has substantial warpage in the top-left and top-right corners (-2.6 mm 
and 2.8 mm, respectively), while the rest of the panel is neutral, with another distortion in 
the bottom-left corner of 0.9 mm. As discussed with regard to Figure 4.17, this panel was 
expected to have a circular distortion in the positive direction in the centre, with the edges 
and corners at very low distortion – like that seen in Figure 4.17(d).  
Three panels were then produced with the clamps of the cooling jig closed in a defined 
order – opposite corners simultaneously and then the clamps in the middle of each side. The 
order of operations was: 
1. Top-left and bottom-right corner clamps 
2. Bottom-left and top-right corner clamps 
3. Top and bottom clamps 
4. Left and right clamps 
These were panels FP028, FP029, and FP030, with the colour maps of the distortions of 
these panels shown in Figure 4.19(b), (c), and (d) respectively. The first panel produced with 
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the defined closing order of the clamps did not produce the expected distortion. From 
Figure 4.19(b), it is apparent that this panel had considerably less overall distortion than the 
baseline panel, but the top and bottom edges had warped in the negative direction. The 
next two panels produced are both seen to have the expected distortion in the centre of the 
panel (Figure 4.19(c) and (d)), with the top-left and bottom-right corners neutral. In both 
panels the bottom-left and top-right corners warped in the negative direction. This directly 
corresponds with the pairing and order of closing of the corner clamps. It should also be 
noted that the panel shown in Figure 4.19(d) also had a positive distortion along the top 
edge, which was unexpected and not seen in (c). 
When the distortion distributions of these panels are considered (Figure 4.20) along with 
the colour maps of the distortions, it is evident that use of a defined clamping order can 
reduce the overall level of distortion significantly. The panel with a random order had a 
standard deviation of distortions of 1.2 mm, compared with 0.5 mm, 0.5 mm, and 0.6 mm 
for the other three panels. The use of a defined clamping order also seems to be able to 
control the location of the distortions and is therefore an important factor to consider when 
designing cooling jigs for C-SMC components. Automatically actuated clamps that close 
simultaneously are advised. 
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Figure 4.19 Effect of order of closing clamps on the distortion of a flat plate. In (a) the clamps were closed in a random order 
(FP027). In (b), (c), and (d) a defined order was used to close the clamps on the cooling jig (panels FP028, FP029, and FP030 
respectively. 
 
Figure 4.20 The distribution of distortions showing the effect of clamp closing order on the distortion of a flat panel. FP027 
had no defined closing order, whilst FP028, FP029 and FP030 followed a defined clamping order. 
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4.2.1.9 Combining Factors to Control the Distortion of a Flat Panel 
As a final check and consolidation of the results discussed with respect to flat panels a final 
panel was produced with 100% mould coverage and cooled in the centre-overbent cooling 
jig with the clamps closed in the defined closing order (FP031). This was compared to a 
panel produced at 72% mould coverage with the same cooling conditions (FP029) and a 
panel produced at 72% mould coverage and cooled with the cooling jig at the nominal 
setting (FP021).  The colour maps of the distortions of these panels are shown in Figure 
4.21. The 72% panel with the nominal setting of the cooling jig (Figure 4.21(a)) warped at 
the corners of the panel, but the centre was dimensionally stable. The panel with 72% 
mould coverage, but with the overbend setting on the cooling jig and the defined clamping 
order (Figure 4.21(b)) had the expected distortion in the centre, but has also warped in the 
negative direction at the bottom-left and top-right corners as discussed with respect to 
Figure 4.19. The panel moulded at 100% coverage (Figure 4.21(c)) warped as expected in 
the centre, but at a greater magnitude than the comparable panel with 72% mould coverage 
(0.9 mm compared with 0.6 mm). This panel also warped along the length of the left-hand 
side in contrast to (b) where the distortion was limited to the two corners discussed.  
When the distributions of the distortions of these three panels are compared (Figure 4.22), 
the use of the overbend cooling jig with a defined clamping order considerably reduces the 
impact of the charge size, with FP029 and FP031 having very similar distortion distributions 
(means of -0.2 mm and -0.1 mm, and standard deviations of 0.6 mm and 0.5 mm, 
respectively). They both show considerable improvement over FP021, moulded at 72% 
coverage and cooled with the nominal cooling jig. This demonstrates that a panel with high 
mould coverage and an appropriately adjusted cooling jig can have its warpage controlled. 
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Figure 4.21 Colour maps of the distortion of panels with: (a) 72% mould coverage lamped in a cooling jig with nominal 
settings (FP021); (b),72% mould coverage in a cooling jig with a centre-overbend setting and defined clamping order 
(FP029); (c) 100% mould coverage in a cooling jig with a centre-overbend setting and defined clamping order. 
 
Figure 4.22 Distribution of distortion of a panel moulded at 72% mould coverage and cooled with the nominal setting of the 
cooling jig (FP021), a panel moulded at 72% coverage and with a centre overbend setting of the cooling jig and defined 
closing order of the clamps (FP029), and a panel moulded at 100% coverage and with a centre overbend setting of the 
cooling jig and defined closing order of the clamps (FP031). 
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4.2.1.10 Summary of Dimensional Stability of Flat Panels 
Alignment of fibres appears to have a considerable effect on the distortion of the panels and 
this alignment occurs due to flow from reduced mould coverage and positioning of the 
panel. The use of thicker sections reduces the distortion to negligible amounts (less than 
±0.2 mm, when the required tolerance is ±1.0 mm). The use of cooling jigs can influence the 
distortion by holding the components in place whilst they cool. This is to be achieved by 
incremental set up of the cooling jigs with test components until the necessary dimensional 
tolerances have been achieved. Meeting of flow fronts is to be avoided wherever possible 
due to the visible weld lines where they meet. 
4.2.2 Computed Tomography of Flat Panels 
Following the analysis of the distortion of flat panels, based on the charge size, position, and 
shape, further analysis was required to confirm the link between the flow and orientation 
distribution of the reinforcement within a flat panel, and its warpage. To carry out this 
analysis, one of the panels discussed previously (FP007) was sectioned into four 50 mm wide 
coupons and scanned with µCT obtaining a resolution of approximately 50 µm. This was 
sufficient for visualisation of tows and therefore the mesostructure of the panel. A software 
module (discussed in Section 3.4.4) was then used to calculate the angle of the tows to give 
colour maps of the orientation distribution for this analysis. 
Considering the map shown in Figure 4.23 (panel FP007, discussed in Section 4.2.1.3), this 
panel was moulded with the charge out-of-centre towards the top left corner, and warped 
with the distortion occurring at the bottom and right-hand edges of the panel. The largest 
distortions occurred at the right-hand edge, with distortions of approximately 1 mm at the 
corners through to 1.4 mm at the centre of the edge, and at the bottom of the panel, where 
the distortion rises to -1.3 mm. The rest of the panel is reasonably flat with small distortions 
at the top edge (-0.4 mm), and left edge (0.3 mm). Again, the distortions at these edges 
were greatest furthest from the charge location. The large dimensionally stable region in the 
centre is a region of low flow and therefore remained approximately quasi-isotropic as a 
consequence of the random orientation of the fibre tows in the raw SMC. 
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Figure 4.23 Colour map of the out-of-plane distortion of panel FP007 
X-ray CT was used to determine the tow alignments in each panel after fabrication. As 
explained above, the panel was cut into four coupons, A to D (left to right), and these four 
coupons were X-ray scanned prior to tensile testing. Figure 4.24 shows the CT images for the 
front (Figure 4.24(i)) and back (Figure 4.24(ii)) surfaces of Coupon A from FP007. Whilst 
individual fibres cannot be resolved in the CT images, tows can be resolved and two 
examples of tows at (a) and (b) are highlighted in Figure 4.24(i). The first, (a), shows a 
horizontal tow (approximately 90o orientation), and where the tow splits into two, 
resembling a Y on its side. The second, (b), shows a tow oriented at approximately 45o. 
When these features are compared to the corresponding surface tow distributions as seen 
from the back face, highlighted in Figure 4.24(ii), the mesostructure on the back face is 
different to that on the front face, which, of course, is not surprising since the tow thickness 
is about 0.2 mm and the panel thickness is about 2 mm. 
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Figure 4.24 Mesostructure images by CT of the front (i) and back (ii) 50 µm slices of coupon A from FP007, showing 
distinctive tows highlighted on the front face (i) as (a) and (b), and the difference of these same highlighted regions on the 
back face (ii) 
The relationship between the tow alignment and the panel distortion has been investigated 
as follows. Figure 4.25 shows false colour alignment images for two of the test coupons 
from FP007, from the front face (Figure 4.25(i)) and the back face (Figure 4.25(ii)). In these 
fibre alignment images, blue represents tows oriented at 0o±9o, and red tows oriented at 
90o±9o; these fibre realignment images have been superimposed on the results for the out-
of-plane distortion of the panel. The volume fraction of fibre tows in 0o and 90o orientations 
were quantified by applying colour filters to the alignment images, and using the particle 
analyser module in ImageJ (Rueden et al., 2017; Garcea, Wang and Withers, 2018). Slices 
through the thickness of the panel were investigated, each 50 µm thick, to build up a picture 
of the tow orientation distribution through the panel thickness. The results in Figure 4.26 
show that the volume fraction of 0o and 90o fibres in coupon A remain relatively constant at 
approximately 15% each through the thickness, but for coupon D there was a substantial 
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reduction in the volume fraction of 0o fibres through the thickness, from 20% at the front 
face to 13% at the back face. This change in orientation distribution through the thickness 
results in differential shrinkage between the front and back faces of the panel, due to 
effective differences in the coefficients of thermal expansion arising from the different 
distributions of fibre tows through the thickness. Figure 4.27 is a schematic showing how 
the difference in orientation distributions between the front and back faces would cause 
this, where the arrows show the shrinkage on each face. The top face in the schematic 
undergoes a greater amount of shrinkage as the coefficient of thermal expansion is 
dominated by the resin, leading to an upwards distortion of the panel. This matches the 
distortion measured on FP007, where the right-hand side of the panel (i.e. the region of 
coupon D) has warped towards the front face. On the other hand, for coupon A the 
proportions of 0o and 90o tows are roughly the same through the thickness and there is no 
distortion of the panel. 
Figure 4.25 Fibre tow alignment, extracted from CT images of coupons from FP007, overlaid on the distortion map. Image 
(a) shows the alignment derived from a CT slice at the front surface of the panel, whilst (b) shows that for the back face. In 
the alignment images, blue represents angle 0o±9o and red represents 90o±9o. 
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Figure 4.26 Graphs of the volume fraction of tows oriented at 0o and 90o at slices through the thickness of coupons A and D 
from FP007. 
 
Figure 4.27 Schematic diagram of how the variation of the fibre orientation through the thickness results in the distortion of 
FP007 seen in Figure 4.23. Circles represent tows in the 0o direction and ellipses tows in the 90o direction. 
4.3 Summary 
This chapter considered the factors affecting the distortion of components moulded from C-
SMC by moulding flat plates and measuring the levels of the distortion. It was found that 
alignment of fibres has a considerable effect on the distortion and that this alignment is 
affected by the flow of the charge in the mould during the compression stage. This effect of 
the orientation distribution of the distortion was verified by investigation with computed 
tomography to analyse the mesostructure. High mould coverage charges were found to 
decrease the distortion of flat panels, but when a cooling jig was used to constrain the panel 
the impact of the mould coverage on the distortion was reduced. Thicker panels were found 
to result in considerably lower levels of distortion. Along with the use of a cooling jig to 
result in consistent levels of deformation, it was found that incremental adjustments to the 
cooling jig can control the levels of distortion.  
To verify that the tow orientation distribution was the cause of many of distortions found, a 
panel was sectioned into four coupons, which were scanned by µCT. Colour maps of the tow 
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orientation distribution in these coupons, derived from the CT images, were analysed to 
produce quantitative data of the orientation distribution, which showed that the variation 
of the orientation distribution through the thickness corresponded with the locations of 
distortion. These results agreed with the hypothesis based on the differences between the 
coefficients of thermal expansion in CFRP between the longitudinal and transverse 
directions of the reinforcement. 
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5 Dimensional Stability of Representative Components 
5.1 Introduction 
Following the work on factors affecting the distortion of flat panels, the effect on the 
distortion of a representative component was considered. The representative component 
was designed with features that would likely be used in full production components, 
including changing thicknesses (both gentle and step changes), curved surfaces, ribs, co-
moulded metal inserts, and thin flange regions. A photograph of the upper side of a 
representative component is shown in Figure 5.1(a). The distortion of this component was 
measured by use of a laser scanner as in Chapter 4, but the results of the scan were 
compared to a 3D digital model of the component, rather than a reference plane, to 
determine the distortion and produce the colour maps. There are nine point-measurements, 
as shown in Section 3.4.1 where the distortion is labelled on each representative 
component to help in comparison. The necessary tolerance for the distortion of this 
representative component is ±1.0 mm. 
The factors considered were (i) the use of a cooling jig (a photograph of a representative 
component clamped in the cooling jig used is shown in Figure 5.1(b)), (ii) cooling jig 
adjustment, (iii) the length of time in the cooling jig, (iv) the charge shape and coverage, (v) 
the cure time, and (vi) the rate of cooling. These variables were investigated using 25 
mouldings of the representative component, presented in Table 5.1. Representative 
components (RC) 011 – 025 were cured for 15 minutes and cooled in the cooling jig at 
ambient temperature for 15 minutes, unless stated otherwise. These components were also 
measured after a post-cure of 4 hours at 80 oC and again after a further 7 days at ambient 
temperatures. Unless stated otherwise, all RCs were moulded with three rectangular 
charges of lay-up shown in Figure 5.2, with the total mass of the three charges equal to the 
mass of the component. The overlap shown is to reduce the impact of weld lines. Some of 
the RCs were moulded with a net-shape charge lay-up. That is, the charge was cut to 
approximately the shape of the component and laid up in the mould, with extra material 
added to the thicker sections until the full mass of material required had been added to the 
mould. 
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The cooling jig is comprised of a flat aluminium plate onto which seven supports are bolted. 
These supports can be raised and lowered by addition or removal of laser cut shims, each 
0.1 mm thick, from between the plate and the base of the support. Several of these shims 
are visible in Figure 5.1(b). This allows alteration of the vertical displacement of the supports 
to adjust the cooling jig. Six of the supports have clamps attached to them, to restrain the 
component to the supports. In addition, the component contains three threaded steel 
inserts on the underside, in the region of the white sticker visible in Figure 5.1(a). One of 
these inserts corresponds with a hole in the base plate that a bolt is passed through and 
screwed into the insert to provide an additional, but non-adjustable, point of restraint for 
the component to the jig. When a component was removed from the tool, it would be 
placed into the jig, the clamps were secured, and then the bolt through the base plate was 
inserted and tightened. 
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Figure 5.1 Photographs of (a) the upper side of a representative component, and (b) a representative component clamped 
in the cooling jig 
 
 
Figure 5.2 Default charge lay-up for moulding of a representative component 
a 
b 
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Table 5.1 The factors investigated for the effect on distortion of a representative component 
Sample Description Cooling 
Jig 
Cooling Jig 
Adjustment 
RC001 Default charge lay-up, no cooling jig No N/A 
RC002 Default charge lay-up, nominal jig Yes N/A 
RC003 Default charge lay-up, nominal jig Yes N/A 
RC004 Default charge lay-up, nominal cooling jig, 90 min cooling time Yes N/A 
RC005 Default charge lay-up, adjusted cooling jig Yes Adjustment 1 
RC006 Default charge lay-up, adjusted cooling jig Yes Adjustment 1 
RC007 Net-shape charge lay-up, nominal jig Yes N/A 
RC008 Net-shape charge lay-up, nominal jig Yes N/A 
RC009 Default charge lay-up, adjusted cooling jig Yes Adjustment 2 
RC010 Default charge lay-up, nominal jig, default cure Yes N/A 
RC011 Default charge lay-up, nominal jig, 10 mins cooling Yes N/A 
RC012 Default charge lay-up, nominal jig, 25 mins cooling Yes N/A 
RC013 Default charge lay-up, nominal jig, 15 mins cure Yes N/A 
RC014 Default charge lay-up, nominal jig, 20 mins cure Yes N/A 
RC015 Default charge lay-up, nominal jig, decelerated cooling Yes N/A 
RC016 Default charge lay-up, nominal jig, accelerated cooling Yes N/A 
RC017 Default charge lay-up, nominal jig, 35 mins cooling Yes N/A 
RC018 Default charge lay-up, nominal jig, 15 mins cure Yes N/A 
RC019 Default charge lay-up, adjusted jig, default cure Yes N/A 
RC020 Default charge lay-up, adjusted jig, default cure Yes Adjustment 2 
RC021 Default charge lay-up, adjusted jig, default cure Yes Adjustment 2 
RC022 Default charge lay-up, adjusted jig, default cure Yes Adjustment 3 
RC023 Default charge lay-up, adjusted jig, default cure Yes Adjustment 4 
RC024 Default charge lay-up, adjusted jig, default cure Yes Adjustment 4 
RC025 Default charge lay-up, adjusted jig, default cure Yes Adjustment 4 
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5.2 Results & Discussion 
5.2.1 Effect of use of a Cooling Jig on Distortion of a Representative Component 
The first factor investigated was the use of a cooling jig with nominal settings. The cooling jig 
had supports and clamps to constrain the components in certain areas (as seen in Figure 
5.1(b)) and a screw through the bottom into one of the co-moulded metallic inserts to site 
the component in the cooling jig and constrain that specific section. For the nominal setting, 
a component was moulded and cooled without use of the jig, and the positions of the 
clamps were then set based on this component, using shims to adjust the heights of the 
clamps and supports. The distortion of this component cooled without use of the jig is 
shown in Figure 5.3(a). Two components were then moulded and cooled using the nominal 
setting of the jig described above, and the colour maps of their warpage are shown in 
Figures 5.3(b) and (c). Figure 5.3(a) shows that the regions that underwent significant 
distortion are the middle corner on the right-hand side, the top and bottom of the thin 
section along the bottom of the left-hand side and at the top corner. This is noticeable from 
the colouring of these areas in contrast to the rest of the component. The use of the cooling 
jig does little to change this, as seen by the middle corner on the right-hand side and the 
bottom left corner showing similar distortion patterns in Figure 5.3, but this is expected as 
the cooling jig was set up using the component shown in Figure 5.3(a). The similarity in 
distortion pattern between the two components cooled in the jig does demonstrate that the 
cooling jig can be used to produce consistent distortion in the components, with the only 
significant difference between the two being in the distortion towards the top of the thin 
section along the left-hand side. In the component shown in (b), the distortion is 0.3 mm at 
the top, whilst in that shown in (c), the distortion is only -0.1 mm. Also of note are the 
circular marks visible in the surface relating to the co-moulded stainless-steel inserts, visible 
on the opposite face, suggesting that the rate of cooling may be an issue with the shrinkage 
and distortion of the components. This also indicates that cooling rate may be another 
mechanism causing the surface quality issues discussed in Section 2.5.3. 
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Figure 5.3 Colour maps of the distortion of a representative component moulded with the default charge and cooled: (a) 
without use of a cooling jig (RC001); (b) and (c), using a cooling jig with a nominal setting (RC002 and RC003). 
5.2.2 Effect of a Net-Shape Charge on the Distortion of a Representative Component 
Following the evaluation of the use of a cooling jig, the shape and size of the charge was 
investigated based on the results found for flat panels. The distortion of the component 
moulded with the default charge and cooled in the jig with nominal settings (RC002) was 
compared with that of two components moulded with near net-shape (high mould 
coverage, with the shape corresponding to the shape of the component) charges and cooled 
in the same jig (RC007 and RC008). The colour maps of the warpage of these three 
components are shown in Figure 5.4 as (a), (b), and (c), respectively. The component shown 
in Figure 5.4(a) distorted at the corner in the middle of the right-hand side and at the 
bottom-left corner, with this distortion continuing up the left-hand side from this corner. 
a 
b 
c 
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The use of a net-shape charge resulted in the distortion at the corner on the left-hand side 
reducing from 1.6 mm in Figure 5.4(a) to 1.5 mm and 1.2 mm in (b) and (c), respectively. 
Given the variation seen with the flat panels, the change in the distortion from 1.6 mm to 
1.5 mm cannot be considered significant as this appears to be within natural variation of the 
distortion. The distortion in the bottom left corner was reduced from 1.6 mm to 1.0 mm and 
0.6 mm, respectively. The distortion at the top of that section increased from 0.3 mm to -0.6 
mm between (a) and (b), however, was reduced to 0.0 mm in (c). It therefore appears that 
use of the net-shape charge in the nominal cooling jig resulted in a slight decrease in the 
distortion. 
 
Figure 5.4 Colour maps of the distortion of three components moulded with: (a) the default charge lay-up (RC002); (b) and 
(c), a net-shape charge (RC007 and RC008). 
a b 
c 
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It was expected that due to reduced flow, the net-shape charge lay-up would have a greater 
number of voids than the default charge used; however, sectioning and microscopy did not 
reveal this to be the case. Figure 5.5 shows voids and cracks in the thin, flat areas of the 
component (those areas most similar to flat panels). It is also seen in the lower three images 
of Figure 5.5 that there are a large number of voids and cracks in the sections corresponding 
to rib-type details, with some of the voids exceeding 1 mm along their greatest dimension.  
Comparison with the same sections taken from RC008 (Figure 5.6) did not show the same 
level of cracking or void content, with the net-shape charge lay-up producing very few voids 
and no cracks in the flat sections, whilst the voids in the rib-type sections were substantially 
reduced. It is thought that the higher mould coverage may have reduced the tortuosity of 
the flow into the rib sections, therefore reducing the void content there, whilst the net-
shape charge in the flat sections has led to improved compaction in this region forcing the 
voids out of the component. These results indicate that whilst the use of a net-shape charge 
for a representative component may not greatly affect the distortion, it leads to an 
improvement in the mesostructure, particularly with regards to the void content. 
 
Figure 5.5 Micrographs of voids and cracks in RC002. The top three images are taken from thin regions similar to a flat 
panel. The bottom three images are taken from sections of ribs on the upper face of the component. 
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Figure 5.6 Micrographs of voids and cracks in RC008. The top three images are taken from thinner areas, similar to a flat 
panel. The bottom three images are taken from sections of ribs on the upper face of the component. 
5.2.3 Effect of Time in Cooling Jig on Distortion of a Representative Component 
To replicate additional factors that may affect a production environment, components were 
then manufactured and clamped in the cooling jig for differing amounts of time. Component 
RC002 was left to cool in the nominal jig for 20 minutes, whilst RC004 was left in the jig for 
90 minutes prior to measurement. The colour maps of the distortion of these two 
components are shown in Figure 5.7, with the component cooled for 20 minutes shown in 
Figure 5.7(a) and that for 90 minutes in Figure 5.7(b). Figure 5.7(a) shows distortion at the 
corner in the middle of the right-hand side, at the bottom left and all along the thin section 
stretching up the left-hand side from that point. By contrast, in Figure 5.7(b) the colour map 
appears mainly green. There are only two areas that appear to have warped: one of these is 
along the curve away from the centre of the component towards the bottom, which 
appears blue with a maximum distortion of -0.6 mm occurring at the bottom of the 
component. The second is the bottom left hand corner of the component on the thin 
section, which experiences a distortion of 0.4 mm. This was within the tolerance for this 
study (set at a distortion of ±1 mm) and therefore the duration in the cooling jig has 
succeeded in producing an acceptable component. 
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Figure 5.7 Colour maps of the distortion of two representative components left in the cooling jig for different amounts of 
time. RC002 (a) was left to cool for 20 minutes, whilst RC004 (b) was left to cool in the jig for 90 minutes. 
The longer time-period in the cooling jig resulting in an in-tolerance component suggests 
that after 20 minutes in the cooling jig, the temperature of the component was still 
sufficiently high that cooling shrinkage continued after removal from the jig. The component 
that was restrained for 90 minutes was likely to have completely equalised to ambient 
temperature before removal from the jig, so when the constraints were removed there was 
less spring back. 
a 
b 
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5.2.4 Effect of Iterative Adjustments to the Cooling Jig on Distortion of a Representative 
Component 
To investigate whether the cooling jig could be used to bring a component into tolerance 
(±1 mm for this study), adjustments to the jig were made whilst using the default charge lay-
up and keeping the cooling time at 20 minutes. Figure 5.8 presents the results of this, 
showing a component cooled using the nominal set up of the cooling jig (a), two 
components cooled using an adjusted jig (b and c), and a fourth component cooled in a jig 
that had further adjustments made to it (d). The adjustments made were in the vertical 
displacement of the clamps from the baseplate of the jig, with these able to be raised or 
lowered by adding or removing shims from between the column supporting the clamp and 
the plate. 
The first adjustments made to the cooling jig sought to correct the major distortions still 
present in components cooled in the nominal jig (visible as the red areas in Figure 5.8(a)). 
This adjustment of the jig was successful in correcting these distortions, as seen by the 
improved colours in (b) and (c). However, these corrections to the jig resulted in an 
additional area being moved out of tolerance (the darker blue areas at the bottom right of 
these two components). Further adjustment was then made to the jig to correct for this, 
resulting in the results shown in Figure 5.8(d), which was found to be within tolerance for 
the exercise. This then demonstrates that careful and correct set up of the cooling jig can be 
used to correct for distortion of the components and ensure the required tolerances are 
met. 
5.2.5 Effect of Time in Cooling Jig, Post Cure, and Ambient Ageing on Distortion of a 
Representative Component 
Following the studies carried out on RC001-RC009, further investigation was carried out on 
the effect of distortion of constraining the component in the cooling jig for different lengths 
of time, the cure time, the rate of cooling and the effect of adjustment on the cooling jig. 
These components were then used to investigate the effect on distortion of an additional 
post-cure heat cycle, and of ambient aging over a longer period of time (7 days). 
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Figure 5.8 Colour maps of the distortion of a representative component demonstrating the effects of adjustments to the 
cooling jig. RC002, shown in (a), was cooled with the jig at nominal settings; RC005 and RC006, shown in (b) and (c), were 
cooled following one set of adjustments to the jig. RC009, shown in (d), was cooled following a further adjustment to the jig. 
 
 
 
a 
b 
c d 
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Given the results of cooling time in the jig discussed above, a further investigation was 
carried out on this factor as 90 minutes cooling in a production environment would incur 
additional costs through reduced production rates or requiring more cooling jigs. As such, 
components were removed from the mould, restrained in a cooling jig and left for 10, 15, 25 
and 35 minutes. The results for the distortion in millimetres at the locations discussed in 
Section 3.4.1 are shown in Table 5.2, for after cooling in the cooling jig, after the post-cure 
and after the 7 days of ambient ageing. The average of the absolute distortion in each 
location is plotted in Figure 5.9 for each component for after removal from the cooling jig, 
after a post cure, and after ambient ageing. 
Table 5.2 Effect on the distortion of a representative component from increasing the time it is constrained within the 
cooling jig 
 
Location 
1 2 3 4 5 6 7 8 9 
RC012 - 10 
mins 
Cooling jig 0.64 0.44 0.36 0.23 0.56 0.26 0.51 0.69 -0.15 
Post cure 0.77 0.48 0.73 0.72 -0.18 0.36 0.73 0.33 0.48 
Ambient Ageing 0.29 -0.11 0.67 0.22 0.23 0.24 0.24 0.22 0.68 
RC011 – 
15 mins 
Cooling jig 0.77 0.48 0.64 0.30 -0.02 -0.23 0.54 0.55 0.88 
Post cure 0.54 0.47 0.84 0.35 0.06 -0.24 0.85 0.69 0.83 
Ambient Ageing 0.40 0.16 0.72 0.66 0.29 0.40 0.49 0.44 0.96 
RC013 – 
25 mins 
Cooling jig 1.04 0.72 0.54 1.06 -0.33 0.51 0.39 0.48 1.28 
Post cure 0.65 0.44 0.57 1.45 -0.17 0.71 0.36 0.38 0.89 
Ambient Ageing 0.53 0.27 0.64 1.55 0.50 1.37 0.14 0.44 0.98 
RC018 – 
35 mins 
Cooling jig 0.87 0.62 0.94 1.00 0.00 0.32 1.60 0.79 0.79 
Post cure 0.83 0.65 0.93 1.42 0.15 0.21 1.87 0.80 0.65 
Ambient Ageing 0.63 0.31 0.53 1.43 0.47 1.15 1.43 0.48 0.95 
 
Conversely to what was expected, given the previous result, it was found that the longer the 
components were constrained in the cooling jig, the worse the measured distortion. This is 
particularly noticeable in Figure 5.9, where the standard deviations of the distortion 
increase as well. It is likely that the initial cooling is the most critical because during this time 
the component will experience the largest and most rapid drop in temperature (as cooling is 
an exponential process) and restraining the component during this time results in 
preventing excessive distortion. It is possible that continuing to restrain the component 
during the final stages of cooling induces residual stresses within the component, resulting 
in excessive distortion on release from the mould. This runs contrary to the result found 
when comparing RC002 and RC004, which were restrained in the cooling jig for 20 minutes 
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and 90 minutes, respectively, with the longer duration in the jig found to decrease the 
distortion, although the duration used for RC004 was more than double that used for RC018 
– it is possible that the distortions do not follow a simple function with time, and instead 
follow some order function, with the distortion initially increasing and then decreasing with 
time spent in the jig. 
 
Figure 5.9 Average absolute distortion of components constrained in a cooling jig for different lengths of time, with their 
distortions directly after removal from the cooling jig, after a post cure, and after ambient ageing. 
5.2.6 Effect of Time in Mould on the Distortion of a Representative Component 
To investigate the effect of the time in the heated mould on the distortion, components 
were manufactured using closed mould times of 10, 15 and 20 minutes (RC011, RC014 and 
RC019, and RC020). The results of these distortions are shown in Table 5.3. RC019 was 
excluded from the analysis as it was mishandled whilst being removed from the mould tool. 
These results are shown graphically in Figure 5.10 with the average absolute distortion from 
each location plotted for the components after removal from the cooling jig, after post cure, 
and after ambient ageing. 
Considering the results of components RC011, RC014 and RC015, there appears to be an 
optimal moulding time of 15 minutes for this component, with a shorter moulding time 
resulting in slightly higher distortion and a longer moulding time resulting in much greater 
distortion. The 10 minute cure time resulted in greater deformation than the 15 minute cure 
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time, with the average warpage at 0.2 mm lower in RC014 than RC011. The longer period 
within the tool in RC014 than in RC011 may be analogous to the increase in pressure that 
has previously been shown to aid in decreasing the warpage of polymers. RC014, held in the 
mould for 15 minutes produced the best results and it is thought that this allowed for 
complete cure without experiencing the negative effects seen in RC015 which was held in 
the mould for 20 minutes. It is not clear as to why the longer mould duration resulted in 
increased distortion, however, this does not affect manufacture of components as for cost 
reasons components should be held in the mould for the minimum amount of time 
necessary to reach full cure and minimise distortion.  
Table 5.3 Distortion measurements at certain locations on representative components that have been held within the press 
for different lengths of time. RC019 is to be neglected from the analysis due to mishandling of the component on removal 
from the mould, making the results incomparable with the other components. 
 
Location 
1 2 3 4 5 6 7 8 9 
RC011 - 10 
mins 
Cooling jig 0.77 0.48 0.64 0.30 -0.02 -0.23 0.54 0.55 0.88 
Post cure 0.54 0.47 0.84 0.35 0.06 -0.24 0.85 0.69 0.83 
Ambient Ageing 0.40 0.16 0.72 0.66 0.29 0.40 0.49 0.44 0.96 
RC014 - 15 
mins 
Cooling jig 0.71 0.39 0.61 0.33 -0.25 -0.04 0.02 0.08 0.40 
Post cure 0.57 0.30 0.48 0.20 -0.28 0.07 -0.08 0.05 0.26 
Ambient Ageing 0.38 -0.03 0.61 0.01 0.02 -0.11 -0.29 0.16 0.79 
RC015 - 20 
mins 
Cooling jig 1.46 0.94 1.58 1.66 -0.68 -1.07 2.29 1.48 1.20 
Post cure 1.57 1.12 1.56 1.84 -0.58 -0.68 2.60 1.76 1.07 
Ambient Ageing 1.91 0.77 1.44 2.53 0.60 0.43 1.76 1.47 1.40 
 
Figure 5.10 Average absolute distortion of components cured in the press for different durations, with their distortions 
directly after removal from the cooling jig, after a post cure, and after ambient ageing. 
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5.2.7 Effect of Cooling Rate on the Distortion of a Representative Component 
To investigate the effect of the cooling rate on the distortion, one component was removed 
from the mould and immediately placed in the cooling jig and placed in an oven at 100 oC 
and cooled over two hours to 40 oC, another was placed in the cooling jig and left to cool in 
ambient conditions to 40 oC and a third was placed in the cooling jig and placed in a deep 
freeze at -20 oC for twenty minutes. For reference, the cure temperature used was 140 oC. 
The results of the distortion (in millimetres) for the components with decelerated and 
accelerated cooling are presented in Table 5.4 along with a normal cooling process for 
comparison. These results are also plotted in Figure 5.11 where the average absolute 
distortion is shown for each of the components after removal from the cooling jig, after a 
post cure, and after ambient ageing. 
Table 5.4 Distortion measurements at certain locations on representative components that have cooled at different rates. 
 
Location 
1 2 3 4 5 6 7 8 9 
RC016 - 
Decelerated 
Cooling jig 0.76 0.46 0.69 0.96 0.23 0.27 0.70 0.47 0.38 
Post cure 0.61 0.22 0.58 0.98 0.01 0.06 0.64 0.42 0.37 
Ambient Ageing 0.42 0.07 0.34 0.98 -0.16 0.73 0.23 0.16 0.47 
RC011 - 
Normal 
Cooling jig 0.77 0.48 0.64 0.30 -0.02 -0.23 0.54 0.55 0.88 
Post cure 0.54 0.47 0.84 0.35 0.06 -0.24 0.85 0.69 0.83 
Ambient Ageing 0.40 0.16 0.72 0.66 0.29 0.40 0.49 0.44 0.96 
RC017 - 
Accelerated 
Cooling jig 0.51 0.36 0.63 1.63 0.00 -0.01 0.99 0.57 0.99 
Post cure 0.58 0.39 0.65 1.77 0.06 0.01 1.20 0.68 1.03 
Ambient Ageing 0.22 -0.06 0.44 1.01 -0.08 -0.02 -0.12 0.21 1.62 
The decelerated cooling process had little effect on the distortion of the component 
compared to the component cooled at ambient conditions. Some locations saw 
improvements, such as location 9 which saw a reduction from 0.9 mm to 0.4 mm with 
decelerated cooling, whilst other locations saw increased distortion, such as location 4, 
where the distortion increased from 0.3 mm to 1.0 mm. Most of the locations saw little 
change, however. The accelerated cooling process had some minor improvements over the 
component cooled at ambient conditions in some locations, such as at location 1 where the 
distortion was reduced from 0.8 mm to 0.5 mm. As these improvements were modest, they 
were significantly offset by the increased distortion of 1.3 mm between the two 
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components at location 4 and the increase by 0.5 mm at location 7. When Figure 5.11 is 
considered, the distortion of the decelerated cooling jig component is similar to that of the 
normally cooled component on removal from the cooling jig but performs better after they 
have been post cured and after ambient ageing. 
 
Figure 5.11 Average absolute distortion of components that had decelerated, normal, and accelerated cooling, with their 
distortions directly after removal from the cooling jig, after a post cure, and after ambient ageing. 
As such, a decelerated cooling process does not reduce the level of distortion in a 
component on direct removal from the cooling jig, whilst an accelerated cooling process 
worsens the distortion. The effect on the internal structure of accelerated cooling (for 
example, increased cracking) has not been investigated. 
5.2.8 Combining Factors to Produce a Representative Component with Low Distortion 
In the consideration of RC001-RC009, iterative adjustments to the cooling jig were used to 
investigate if the distortion could be controlled by appropriate adjustment of a cooling jig. 
This was found to have an effect, but due to time constraints the consistency of results was 
not able to be examined. To investigate this further, additional improvement of the cooling 
jig was carried out, starting from the setup of the jig used for RC009. These modifications 
involved altering the vertical displacement of the stands and clamps to overbend sections of 
the component. The stands were moved in the opposite direction to that of the distortion 
seen with the previous set up (that is, a distortion upwards was countered by lowering the 
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height of the relevant stand, a distortion downwards was countered by increasing the 
height). After the improvements to the jig from this point, three components were moulded 
with the refined jig. The results of the distortion (in millimetres) at each of the 
measurement locations are shown in Table 5.5 for each of the RCs, with 1, 2 or 3 referring to 
the cooling jig set up used. That is, 1 refers to the same set up used for RC009, 2 refers to an 
improvement on that cooling jig, and 3 refers to the jig following final adjustments. The 
average absolute displacement for each component after removal from the jig, post curing, 
and ambient ageing is shown in Figure 5.12. 
The distortion related to the final cooling jig is much lower than those for the previous two 
adjustments to the jig. For example, at location 2, the distortion is reduced from 0.4 mm in 
component RC020 to 0.2 mm in component RC022 and then 0.0 mm in RC023 and at 
location 4, the distortion is reduced from 1.1 mm in RC020, increased to 1.3 mm in RC022 
and then reduced to 0.3 mm in RC023. In only one location does the final cooling jig have a 
higher distortion than the set up used in RC020, and this is location 9, which increases from 
0.3 mm to 0.4 mm in RC022 and then 0.9 mm in RC023, which is still within tolerance for the 
experiment. Whilst the mean distortion cannot be compared for directly after removal from 
the cooling jig due to missing data, the final setting of the cooling jig has the lowest average 
distortion after both post cure and ambient ageing (Figure 5.12). 
Table 5.5 Distortion measurements at certain locations on representative components that have been cooled in 
incrementally adjusted cooling jigs. 
 
Location 
1 2 3 4 5 6 7 8 9 
RC020 - 1 Cooling jig 0.76 0.39 0.75 1.09 0.30 0.52 1.48 0.69 0.27 
Post cure 0.67 0.29 0.90 1.25 0.27 0.40 1.61 0.56 0.20 
Ambient Ageing 0.28 -0.16 0.69 1.12 0.06 0.97 1.00 0.22 0.40 
RC021 - 1 Cooling jig 0.68 0.35 0.77 1.18 -0.11 0.17 0.63 0.41 0.30 
Post cure 0.64 0.35 0.78 1.55 0.13 0.35 0.97 0.49 0.44 
Ambient Ageing 0.35 -0.07 0.64 1.46 0.25 0.51 0.42 0.55 0.78 
RC022 - 2 Cooling jig 0.52 0.15 0.54 1.26 0.15 0.54 0.38 0.47 0.39 
Post cure 0.54 0.20 0.74 1.45 -0.04 0.35 0.86 0.37 0.51 
Ambient Ageing 0.32 -0.19 0.45 1.71 0.03 0.91 0.27 0.20 0.77 
RC023 - 3 Cooling jig 0.45 0.00 0.37 0.30 0.15 0.51 0.41 0.42 0.85 
Post cure 0.62 0.21 0.49 0.74 0.17 0.74 1.23 0.27 0.48 
Ambient Ageing 0.38 -0.03 0.42 0.60 -0.18 1.01 0.30 -0.04 0.50 
RC024 - 3 Cooling jig 
         
Post cure 0.35 -0.03 0.43 0.60 0.23 0.66 0.60 0.06 0.23 
Ambient Ageing 0.38 -0.24 0.49 0.25 -0.15 1.08 0.28 0.10 0.80 
RC025 - 3 Cooling jig 
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Post cure 0.39 0.04 0.52 1.55 0.19 0.53 0.36 -0.07 0.26 
Ambient Ageing 0.43 -0.25 0.37 1.55 -0.07 0.60 0.21 0.08 0.61 
 
 
Figure 5.12 Average absolute distortion of components following an iterative improvement (1, 2, and 3) to the cooling jig, 
with their distortions directly after removal from the cooling jig, after a post cure, and after ambient ageing. 
The day after the components had been moulded they were placed in an oven at 80oC for 
four hours as a post-cure heat treatment to investigate what effect this would have on the 
distortion. The results show that the post cure has resulted in increased levels of distortion 
in the components. After the post-cure, components were left to age at ambient conditions 
for seven days. This ambient ageing has reduced the distortion from that seen after the post 
cure, and in the case of RC020 and RC023, to below the level seen after initial removal from 
the cooling jig. The level of distortion for RC024 and RC025 after ambient ageing cannot be 
compared to that on removal from the cooling jig due to missing data.  
5.3 Summary 
Nine representative components were moulded to investigate factors affecting distortion. It 
was found that the length of time the component spends in the cooling jig is an influencing 
factor for the degree of distortion. Further investigation needs to take place to assess 
whether this is due to an insufficient cure of the material or due to residual heat within the 
component. If it is the latter, the composition of the material may need to be adjusted to 
increase its thermal conductivity. This could be through addition of carbon black or carbon 
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nanotubes, however, these may have unexpected impacts, such as a reduction in fracture 
toughness and reducing the flowability of the compound. These moulding trials also found 
that the use of a net-shape charge compared to the default charge slightly reduced the 
deformation. The net-shape charge resulted in reduced surface quality but also reduced the 
internal void content and cracking. It was also found that careful adjustment of the cooling 
jig could be used to limit the distortion of a component to within tolerance. 
Further investigation was then carried out, considering the effects of cooling time, cure 
time, cooling rate, cooling jig maturation, post-cure and ambient ageing on the distortion of 
components. It was found that a shorter time in the cooling jig resulted in reduced 
distortion. It was found that there is a preferential cure time, defined by trial-and-error, 
with times that are too short or too long resulting in increased distortion of the component. 
A decelerated cooling rate was not found to affect the level of distortion, whilst an 
accelerated cooling rate was found to slightly increase the level of distortion measured 
compared to a component cooled at ambient conditions. Adjustment of the cooling jig to 
compensate for the areas of distortion was found to reduce the distortion and improve the 
consistency of the results. Post-curing the components was found to increase the distortion, 
whilst ambient ageing for 7 days after the post-cure reduced the levels of distortion. 
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6 Tensile Testing of Carbon Fibre-reinforced Sheet Moulding 
Compound 
6.1 Introduction 
Having examined the effect of the reinforcement orientation distribution on the warpage of 
C-SMC components and methods of controlling this, the effect of the discontinuous 
reinforcement on the tensile strength and properties are investigated in this Chapter. As 
discussed in Chapter 2, the mechanical properties of SMC, particularly the tensile strength, 
have a high level of scatter. At the scale test coupons defined in standards ASTM D3039 and 
BS EN ISO 527-4, (specimen widths of ≤25 mm), the C-SMC mesostructure is heterogeneous, 
resulting in the potential for a wide range of strength and stiffnesses to be measured. 
Consequently, to enable accurate characterisation of the material to establish qualification, 
design values, and batch acceptance criteria an appropriate test plan needed to be 
developed that could provide accurate and reliable results, whilst minimising the quantity of 
tests and volume of material required – similar to the FAA reduced sampling criteria testing 
matrix (Tomblin, Ng and Suresh Raju, 2001). This should also account for the change in 
strength with coupon thickness and width that has been found in the literature previously 
(discussed in Section 2.8) but remains unquantified. 
To allow development of such a plan, appropriately sized test coupons needed to be 
selected, with an understanding of the effect of the charge size on the mechanical 
properties accounted for as well. As such, forty-four panels were moulded, with nine 
different thicknesses and three different mould coverages (shown in Table 6.1). Four panels 
for each given thickness and mould coverage were to be used for investigating the effects of 
thickness and mould coverage on the tensile strength and Young’s modulus of the material. 
Of these four panels, two were cut to produce coupons aligned parallel to the primary flow 
direction, and two to produce coupons perpendicular to the flow direction (as seen in 
Figures 3.2 and 3.3 in Section 3.4.2. An additional four panels of nominal thickness 2.0 mm 
(92% mould coverage) were produced for investigating the effect of width on the tensile 
strength and modulus of the material. All panels were moulded with a square charge placed 
into the centre of the mould cavity. 
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Prior to the planned testing, the failure mechanism of the material under tensile loading 
was examined to ascertain the correct failure criteria, for example, ultimate tensile stress of 
onset of matrix cracking. For this, three panels from Chapter 4 were sectioned into coupons 
and scanned by µCT before and after tensile testing. This investigation is discussed first, 
followed by a discussion of the combination of data sets for appropriate analysis. The 
effects of coupon width, coupon thickness and panel mould coverage on the tensile 
strength and Young’s modulus are then discussed. 
Table 6.1 The panels moulded with nominal thickness, mould coverage, and the orientation to the primary flow direction 
that the test coupons were cut from. 
Panel 
Nominal 
Thickness 
/ mm 
Mould 
Coverage 
/ % 
Coupon 
Orientation 
to Flow 
Panel 
Nominal 
Thickness 
/ mm 
Mould 
Coverage 
/ % 
Coupon 
Orientation 
to Flow 
M1-2.0-1 2.0 92 Parallel M1-4.0-3 4.0 92 Perpendicular 
M1-2.0-2 2.0 92 Parallel M1-4.0-4 4.0 92 Perpendicular 
M1-2.0-3 2.0 92 Perpendicular M1-5.0-1 5.0 77 Parallel 
M1-2.0-4 2.0 92 Perpendicular M1-5.0-2 5.0 77 Parallel 
M1-2.0-5 2.0 92 N/A M1-5.0-3 5.0 77 Perpendicular 
M1-2.0-6 2.0 92 N/A M1-5.0-4 5.0 77 Perpendicular 
M1-2.0-7 2.0 92 N/A M1-5.5-1 5.5 51 Parallel 
M1-2.0-8 2.0 92 N/A M1-5.5-2 5.5 51 Parallel 
M1-2.2-1 2.2 51 Parallel M1-5.5-3 5.5 51 Perpendicular 
M1-2.2-2 2.2 51 Parallel M1-5.5-4 5.5 51 Perpendicular 
M1-2.2-3 2.2 51 Perpendicular M1-6.0-1 6.0 92 Parallel 
M1-2.2-4 2.2 51 Perpendicular M1-6.0-2 6.0 92 Parallel 
M1-3.3-1 3.3 77 Parallel M1-6.0-3 6.0 92 Perpendicular 
M1-3.3-2 3.3 77 Parallel M1-6.0-4 6.0 92 Perpendicular 
M1-3.3-3 3.3 77 Perpendicular M1-6.6-1 6.6 51 Parallel 
M1-3.3-4 3.3 77 Perpendicular M1-6.6-2 6.6 51 Parallel 
M1-3.3-5 3.3 51 Parallel M1-6.6-3 6.6 51 Perpendicular 
M1-3.3-6 3.3 51 Parallel M1-6.6-4 6.6 51 Perpendicular 
M1-3.3-7 3.3 51 Perpendicular M1-6.7-1 6.7 77 Parallel 
M1-3.3-8 3.3 51 Perpendicular M1-6.7-2 6.7 77 Parallel 
M1-4.0-1 4.0 92 Parallel M1-6.7-3 6.7 77 Perpendicular 
M1-4.0-2 4.0 92 Parallel M1-6.7-4 6.7 77 Perpendicular 
 
6.2 Failure of Carbon Fibre-reinforced Sheet Moulding Compound 
6.2.1 Introduction 
To analyse the effects of coupon geometry and panel moulding conditions on the tensile 
strength and modulus it is important to understand the failure of the material. To 
investigate this, three of the panels discussed in Chapter 4 (FP001, FP007, and FP011) were 
sectioned into four tensile test coupons of 50 mm width. These were scanned by µCT before 
and after tensile testing to failure, with both faces of the specimens having the full-field 
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surface strains analysed by DIC. As discussed in Section 3.4.4, the dominant orientation of 
the tows in the coupons was extracted from the CT images using a software module, 
allowing comparison of the colour maps of strain from DIC to the tow orientation 
distribution. 
6.2.2 Results & Discussion 
To understand the strain concentrations within the material, the colour maps for all four 
coupons from the double-sided DIC of FP001 are shown in Figure 6.1, with the coupons 
reassembled into a panel. The DIC images shown are from a tensile load of 4 kN, with the 
strains in the loading direction shown. The left- and right-hand edges of the panel 
experience low y-direction strains, which is consistent with the fibre tow redirection at the 
edges of the mould due to the flow realignment of tows. The centre of the panel shows a 
greater mixture of high and low strain areas than the edges, which is to be expected given 
that flow here is limited, and hence the random distribution of tows is maintained. The high 
strain regions have been labelled (a)-(f) in Figure 6.1 and low strain regions labelled (g)-(j). 
Both types of region extend from coupon to coupon confirming that the high and low strain 
regions are due to the structure of the material, the discontinuous nature of the material 
results in some of these regions ending abruptly.  
While the front and back faces both show low strain in the same locations at the moulded 
edges, they display very different strain distributions throughout the rest of the panel. For 
example, at location (k) on panel B there is a high strain region, shown by the light blue. In 
contrast, the same region on the back face, labelled (l), is a low strain region. This difference 
in strains between the front and back face is expected and is consistent with the difference 
in the mesostructure through the thickness, discussed in Section 4.2.2. 
To confirm the relationship between the surface strain fields and the underlying 
mesostructure, the DIC data were compared with the images obtained by X-ray CT. Figure 
6.2 shows, for both the front and back face of a coupon from FP007: (i), the DIC-derived 
surface strain distributions; (iii), the CT images of the surface; (v), the CT-derived tow 
orientation distribution of the surface. Figure 6.2 also shows the CT images overlaid with the 
DIC-derived strain distribution for the two surfaces (Figure 6.2(ii)), and the CT images 
overlaid with the derived orientation data (Figure 6.2(iv)). The circular feature seen in Figure 
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6.2(i) “Back” is resin flash from an ejector pin in the mould. This does not effect the 
properties or behaviour of the panel. 
 
Figure 6.1 The strain distribution under a tensile load of 4 kN for coupons A, B, C, and D of FP001, obtained by DIC. The left-
hand side of images of the front face (top row) correspond to the left-hand side of images of the back face (bottom row). 
The high strain regions have been labelled (a)-(f), and the low strain regions (g)-(j). There are also regions which show that 
the strain on each face of the coupon is different – comparing (k) and (l), as well as (m) and (n). 
In this coupon, the left-hand side has, in general, lower strains than the right-hand side 
based on the DIC colour maps. The preponderance of purple low strain regions on the left-
hand side of Figure 6.2(i) can be seen to coincide with the blue 0o regions in the derived 
orientation image (Figure 6.2(v)), as expected because of the higher volume fraction of the 
0o tows. Considering more specific regions in the coupon, the high strain feature at the top 
right of the front face, labelled (a), is in the same location as a tow visible in the CT image 
which contains substantial amounts of 90o oriented tows; this results in the locally high 
strain due to the low transverse modulus of the tows. Similarly, on the back face, the high 
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strain region labelled (b) corresponds with a large region of 45o-90o tows in the CT image 
again leading to a region of high strain. 
 
Figure 6.2 A composite figure for comparison of the surface strains (measured by DIC), the mesostructure (imaged by µCT), 
and the tow orientations (extracted from the CT images) of Coupon A from FP007. The second and fourth images from the 
left show the strains and alignment respectively, overlaid on the CT image. 
As expected, the complex strain distribution arising from changes in tow orientation 
throughout the coupon was also reflected in the crack morphology when the test coupons 
were loaded to failure. Three CT slices from the same region of a coupon are shown before 
and after failure in Figure 6.3, along with the tow orientation distribution determined from 
the CT images. The three tow orientation images are again presented as colour maps with 
blue representing 0o±9o and red 90o±9o. Easily identifiable features, for example (a-g) were 
located in the coupon pre- and post-failure, so that the crack path could be identified. 
Figure 6.4 shows the approximate crack path sketched on to the pre-failure CT images of the 
three slices based on the locations of these identified features. The failure runs across the 
coupon between points 1 and 2 (Figure 6.4). In most regions there are two lines delineating 
two fracture surfaces at this location through the thickness of the coupon. Clearly the crack 
path is tortuous in three dimensions. At fracture some material was explosively expelled 
from the specimen, which is represented by the tows between the red lines in Figure 6.4. 
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Although the crack path appears random, two rules emerge from the images. Firstly, the 
crack runs along the edges of all tows rather than splitting tows or fracturing fibres, which is 
in agreement with the assumptions made by Feraboli et al. (Feraboli et al., 2009b). 
Secondly, the crack path runs through the regions with the smallest fibre volume fraction of 
tows oriented in the loading direction, which is also in agreement with the literature 
(Fukuda and Chou, 1981; Fukuda and T.-W. Chou, 1982; Denos, Kravchenko and Pipes, 
2017). However, there was no evidence of tow and fibre failure as found by Feraboli et al. 
(Feraboli et al., 2009a), which may possibly be due to the differences in manufacturing 
between the tow-based route used in this work and the prepreg based method used in that 
work.  
The failure location of the coupons occurring in the region with least reinforcement in the 
loading direction can be considered as analogous to ceramic materials. In this case, the 
critical flaw of ceramics being substituted for a critical region in C-SMC with a minimum of 
tows oriented parallel to the loading direction across a given cross-section. As such, the 
ultimate tensile strength can be taken as the value for tensile strength, as opposed to using 
an alternative failure criterion, such as onset of matrix cracking. 
6.2.1 Summary of the Failure of Carbon Fibre-reinforced Sheet Moulding Compound 
A study into the tensile failure of C-SMC was carried out, using DIC to measure the full-field 
surface strain and µCT to image the reinforcing tows and find their orientation distributions. 
This found that the fracture of the material is dominated by matrix cracking, with the failure 
path following the edges of reinforcing tows, without splitting tows or fracturing fibres. This 
leads to a tortuous crack path with some material explosively expelled during fracture. The 
crack path runs through regions with the smallest volume fraction of fibres oriented in the 
loading direction. This can be considered to be analogous to the critical flaw in a ceramic, 
allowing the ultimate tensile strength to be used as the point of failure of the material when 
considering the mechanical properties. 
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Figure 6.3 X-ray CT images from the front surface, middle, and back surface or coupon A from FP011. The X-ray CT and 
alignment images from before failure are shown alongside the CT images obtained after failure. Easily identifiable features 
(a)-(g) are highlighted in the images from before and after failure to aid in location of the specimen and identifying the 
location of the crack in the image prior to failure. 
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Figure 6.4 X-ray CT images from the front surface (a), the middle (b), and the back surface (c), of coupon A from FP011, 
taken before the tensile testing of the coupons. The approximate crack path in each of these locations is marked in red. 
6.3 Combining Data 
6.3.1 Introduction 
With batch-to-batch variability, and the relatively small number of samples that can be 
produced from each panel, combining data from multiple batches can be a useful way of 
increasing sample sizes. This is of particular importance to C-SMC given the high variability 
discussed. Data can generally be classed as structured (differences between populations), or 
unstructured (no differences). Within the field of composite materials, structure can be 
introduced to the overall data set in a number of ways, such as fibre batch, resin batch, 
material batch, processing of individual panels, and many more. In this Chapter, the data is 
structured by thickness, by mould coverage, by coupon width, by coupon orientation, and 
by panel manufacture. The data is combined as set out in Section 3.5.1 
6.3.2 Results & Discussion 
In combining the data, the effect of the panel moulding process was considered first. That is, 
nominally identical panels (including the cutting plans used) were assessed for structure by 
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the Anderson-Darling K-sample test (shown in Table 6.2). It was found that for both the 
tensile strength and the Young’s modulus, these panels could be considered to be from the 
same population. This means that the data from these panels can be combined for analysis.  
Following this result, the same test was run based on the difference of the coupon 
orientations; that is, the combined data for the pair of panels with coupons parallel to the 
flow direction were assessed for structure with the combined data for the pair of panels 
with coupons perpendicular to the flow direction. For analysis of tensile strength all panels 
with the same thickness and mould coverage could be regarded as being from the same 
population, with the exceptions of 6.0 mm (92% mould coverage) and 6.6 mm (51% mould 
coverage), which were found to be structured. For analysis of Young’s modulus, all panels 
with the same thickness and mould coverage could be regarded as being from the same 
population, with the exceptions of 3.3 mm (51% mould coverage) and 6.0 mm (92% mould 
coverage), which were found to be structured. 
The results were reviewed, and it was decided that the 3.3 mm/51% panels could be 
combined as the Anderson-Darling test was easily influenced by missing data for the 
modulus from this panel and the strength data was able to be combined indicating that 
there was no physical difference between the two datasets. In contrast, no reason could be 
found to explain the failure of the 6.0 mm/92% and 6.6 mm/51% panels, which were unable 
to be combined for either strength or modulus. The Shapiro-Wilkes test, which is less 
sensitive to small sample sizes than Anderson-Darling, was run on the 6.0 mm and 6.6 mm 
panels and was found to agree with the Anderson-Darling test, so in the analysis the panels 
of these thicknesses must remain split by coupon orientation. For the k-sample Anderson-
Darling test if the critical value (ADC) is greater than the k-sample test statistic (ADK), then 
the two samples can be said to come from the same population, as discussed in Section 
2.9.2. 
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Table 6.2 Results of the Anderson-Darling K-sample test for structure, considering pairs of nominally identical panels. ADC is 
the critical value of the Anderson-Darling K-sample test, and ADK is the Anderson-Darling K-sample test statistic. 
Population 
1 
Population 
2 
Tensile Strength Young’s Modulus 
ADC ADK Same 
Population? 
ADC ADK Same 
Population? 
2.0-1 2.0-2 2.62 0.68 Yes 2.33 0.46 Yes 
2.0-3 2.0-4 2.65 1.46 Yes 2.39 0.53 Yes 
2.2-1 2.2-2 2.62 0.75 Yes 2.34 1.47 Yes 
2.2-3 2.2-4 2.65 0.88 Yes 2.38 0.63 Yes 
3.3-1 3.3-2 2.62 0.53 Yes 2.34 1.08 Yes 
3.3-3 3.3-4 2.65 0.44 Yes 2.39 0.34 Yes 
3.3-5 3.3-6 2.62 0.46 Yes 2.32 1.21 Yes 
3.3-7 3.3-8 2.65 0.33 Yes 2.29 0.58 Yes 
4.0-1 4.0-2 2.62 0.77 Yes 2.34 0.38 Yes 
4.0-3 4.0-4 2.65 0.88 Yes 2.39 0.39 Yes 
5.0-1 5.0-2 2.62 0.32 Yes 2.34 0.47 Yes 
5.0-3 5.0-4 2.65 0.99 Yes 2.38 2.17 Yes 
5.5-1 5.5-2 2.62 1.02 Yes 2.34 1.69 Yes 
5.5-3 5.5-4 2.65 0.78 Yes 2.39 1.19 Yes 
6.0-1 6.0-2 2.62 0.46 Yes 2.34 0.76 Yes 
6.0-3 6.0-4 2.65 1.02 Yes N/A N/A N/A 
6.6-1 6.6-2 2.62 1.00 Yes N/A N/A N/A 
6.6-3 6.6-4 2.65 1.75 Yes N/A N/A N/A 
6.7-1 6.7-2 2.62 0.77 Yes N/A N/A N/A 
6.7-3 6.7-4 2.65 0.45 Yes N/A N/A N/A 
2.0-5 (25) 2.0-6 (25) 
1.78 1.16 Yes 1.78 0.91 Yes 
2.0-7 (25) 2.0-8 (25) 
2.0-7 (50) 2.0-8 (50) 2.62 1.56 Yes 2.34 0.69 Yes 
 
Table 6.3 Results of the Anderson-Darling K-sample test for structure, considering the effect of coupon orientation. ADC is 
the critical value of the Anderson-Darling K-sample test, and ADK is the Anderson-Darling K-sample test statistic. 
Population 
1 
Population 
2 
Tensile Strength Young’s Modulus 
ADC ADK Same 
Population? 
ADC ADK Same 
Population? 
2.0-1, 2.0-2 2.0-3, 2.0-4 2.67 0.56 Yes 2.43 0.36 Yes 
2.2-1, 2.2-2 2.2-3, 2.2-4 2.67 1.41 Yes 2.43 0.32 Yes 
3.3-1, 3.3-2 3.3-3, 3.3-4 2.67 0.32 Yes 2.43 0.54 Yes 
3.3-5, 3.3-6 3.3-7, 3.3-8 2.67 0.31 Yes 2.39 2.60 No 
4.0-1, 4.0-2 4.0-3, 4.0-4 2.67 1.13 Yes 2.43 0.90 Yes 
5.0-1, 5.0-2 5.0-3, 5.0-4 2.67 0.38 Yes 2.42 0.50 Yes 
5.5-1, 5.5-2 5.5-3, 5.5-4 2.67 1.35 Yes 2.43 0.49 Yes 
6.0-1, 6.0-2 6.0-3, 6.0-4 2.67 4.41 No 2.40 4.07 No 
6.6-1, 6.6-2 6.6-3, 6.6-4 2.67 4.05 No N/A N/A N/A 
6.7-1, 6.7-2 6.7-3, 6.7-4 2.67 1.02 Yes N/A N/A N/A 
        
6.3.3 Summary of Combining Data 
The data of all nominally identical panels can be combined for analysis based on the 
Anderson-Darling K-sample test for structure. When considering combining datasets of 
different orientations but identical thickness and mould coverage, it was found that all but 
two thicknesses of panels could be combined according to the strength data. The same 
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panels could not be combined according to modulus. This combination of datasets has 
substantially increased the number of samples for each condition. 
6.4 Effect of Coupon Width on the Ultimate Tensile Strength and Young’s Modulus 
of C-SMC 
6.4.1 Introduction 
As discussed in Section 2.8, the existing experimental work concerning the relationship 
between coupon width and the tensile strength, and the coupon width and Young’s 
modulus is ambiguous. In addition, computational approaches have calculated that the 
width of a test coupon should be a minimum of twice the reinforcement size (the 
reinforcement critical dimension plus 0.5 times this critical dimension on each side – see 
Figure 2.6) to attenuate stress concentration effects (Harper et al., 2012). For this material, 
that would correspond to a coupon of 50 mm width, which is double that of the coupons 
required for widely used test standards. To investigate this relationship and empirically test 
the findings of Harper et al., panels of 2 mm thickness and 92% mould coverage were 
manufactured, with coupons of widths 12.5 mm, 25 mm, 37.5 mm and 50 mm cut from 
these panels, as discussed in Section 3.4.2.  
Following the methodology set out in Section 3.5, the combined datasets were fitted against 
the Weibull, Normal, and Lognormal distributions, with the descriptive statistics and B-basis 
value calculated for each. The goodness-of-fit was assessed using an Anderson-Darling test, 
with the observed significance level (O.S.L.) needing to be >0.05 to demonstrate goodness-
of-fit. 
6.4.2 Results & Discussion 
6.4.2.1 Tensile Strength 
Considering the effect of width of coupons on strength, the statistics discussed above are 
shown in Table 6.4. It is clear from O.S.L.s shown that the populations from widths 12.5 mm, 
25.0 mm and 37.5 mm fit both the Weibull and Normal distributions, however, the 50.0 mm 
wide population has O.S.L.s that are too low to describe a good fit for these two 
distributions, and the lognormal distribution. Due to the weakness of the Anderson-Darling 
distribution for small samples such as this, the graphical method was used, and the 
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population was found to fit both the Weibull distribution (Figure 6.8) and the Normal 
distribution (Figure 6.9).  
The descriptive statistics for the Weibull distribution show that the Weibull modulus, m, is 
consistent for widths of 12.5 mm, 25.0 mm, and 37.5 mm (7, 6, and 6, respectively), but 
increases at 50.0 mm, indicating a reduction in the scatter of the data. This is seen clearly in 
the Weibull probability plot in Figure 6.8, where the distributions for 12.5 mm, 25.0 mm, 
and 37.5 mm wide are all seen to be approximately parallel. In contrast, the distribution of 
strengths for 50.0 mm wide coupons is much steeper. The characteristic strength, σc, 
increases slightly from 12.5 mm to 37.5 mm, (131 MPa to 146 MPa) and then has a large 
increase to 170 MPa at 50.0 mm wide. This can be seen in Figure 6.5 where the distributions 
of strengths for 12.5 mm, 25.0 mm, and 37.5 mm wide coupons are overlaid, whilst the 
distribution of strengths for 50.0 mm wide coupons is offset to the right.  
The B-basis strengths for 12.5 mm and 25.0 mm wide samples are very similar (78 MPa and 
84 MPa, respectively), but there is a drop for 37.5 mm to 69 MPa before a large increase to 
151 MPa at 50.0 mm wide. This large increase in B-basis for 50.0 mm width is a function of 
the reduction of variability seen in the greater Weibull modulus, paired with the higher 
strength shown through the characteristic strength. These results indicate that there is not 
much difference between 12.5 mm, 25.0 mm, and 37.5 mm wide coupons, but that 50.0 
mm wide coupons have a decrease in variability and increase in strength. This would be 
explained by a decrease in stress concentrations from the reinforcement at the edges of the 
coupons. Hypothesis testing is not applied to the Weibull results, but is instead considered 
following the discussion of the results on the Normal distribution. 
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Table 6.4 Descriptive statistics and B-basis values calculated for the Weibull, Normal, Lognormal, and Non-parametric distributions of tensile strength for different widths of coupons 
Coupon 
Width / 
mm 
Weibull Distribution Normal Distribution Lognormal Distribution Non-
parametric 
B-basis 
/ MPa 
O.S.L. m σc / 
MPa 
B-basis 
/ MPa 
O.S.L. µ / MPa S / MPa B-basis 
/ MPa 
O.S.L. µ / MPa S / MPa B-basis 
/ MPa 
B-basis 
12.5 0.32 7 131 78 0.07 123 22 76 0.00 120 1 74 - 78 
25.0 0.22 6 141 84 0.58 131 24 91 0.49 129 1 95 - 84 
37.5 0.25 6 146 69 0.27 136 24 78 0.23 134 1 87 - 69 
50.0 0.02 11 170 121 0.03 162 16 130 0.04 162 1 133 135 135 
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The descriptive statistics for the Normal distribution, shown in Table 6.4 show the same 
results as found using the Weibull distribution – the variability, assessed through the 
standard deviation, is similar for 12.5 mm, 25.0 mm, and 37.5 mm wide coupons (22 MPa, 
24 MPa, and 24 MPa, respectively), whilst the mean strength increases slightly with the 
width from 123 MPa to 136 MPa. At 50.0 mm wide, the mean has a large increase to 162 
MPa, and the standard deviation reduces to 16 MPa. This behaviour is shown clearly on the 
normal probability plot in Figure 6.6, where the distributions strength for 12.5 mm, 25.0 
mm, and 37.5 mm wide coupons are similar widths and heights and are approximately 
overlaid on one another. In contrast, the distribution of strengths for the 50.0 mm wide 
coupons is offset to the right, and has a much higher and narrower peak, indicating a 
reduction in variability and increase in strength. Again, this is shown through the B-basis 
values in Table 6.4, where it increases from 76 MPa, 91 MPa, and 78 MPa for widths of 12.5 
mm, 25.0 mm, and 37.5 mm, respectively, to 130 MPa for 50.0 mm wide coupons.  
 
Figure 6.5 Weibull probability plot of tensile strengths for different coupon widths (12.5 mm, 25 mm, 37.5 mm, and 50 mm) 
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Figure 6.6 Probability density plot of the tensile strengths (MPa) for different coupon widths (mm) plotted according to the 
normal distribution 
These descriptive statistics are shown plotted against the coupon width in Figure 6.7 for the 
Weibull distribution, and Figure 6.8, for the Normal distribution and overall B-basis. These 
further demonstrate the improvements in strength at 50.0 mm width compared to 
narrower coupons, both in reduction of the scatter and increase in the strength. Attempts at 
curve fitting to define the relationship between coupon width and strength were 
inappropriate for forecasting outside of the range of data, due to several different curve 
types providing R-squared values above 0.9. These curves do not provide a great deal of 
difference within the empirical range, but cannot be extrapolated with any confidence – 
both the best fitting curves were polynomials and when extrapolated would continue to 
increase indefinitely. It is most likely that the increase seen at 50 mm width does not 
continue indefinitely, but instead acts more as a step increase, with the gradient then 
reducing and approaching a constant value for the average strength. 
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Figure 6.7 Graph of the characteristic strength (MPa) and the Weibull modulus plotted against coupon width (mm) 
 
 
Figure 6.8 Plot of average tensile strength (with error bars of ±1 standard deviation) and B-basis against coupon width 
(mm) 
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The change in mean strength with coupon width, shown in Figure 6.8, was checked for 
significance by using a one-way ANOVA, as described in Section 3.5.3. The results of this 
analysis are shown in Table 6.5; F(3, 76) = 9.35, p<.001, ηp2=0.27. Whilst the 12.5 mm wide 
coupons have lower average strengths than the other three coupon widths (mean 
difference of -8 MPa, -13 MPa, and -39 MPa), the difference to 25.0 mm and 37.5 mm 
coupons was non-significant. The difference between 12.5 mm and 50.0 mm, however, was 
significant (p<.001). There was no significant difference found between 25.0 mm and 37.5 
mm width coupons either, and both these widths had a significant difference to 50.0 mm 
wide coupons (p<.001, and p=.043, respectively). These results confirm that 50.0 mm wide 
coupons are significantly different to narrower coupons, providing empirical evidence to 
confirm the computational findings of Harper et al. (Harper et al., 2012) that there is a 
critical decay length of 0.5 the fibre length. That is, that the stress concentrations from the 
reinforcement have reduced sufficiently to significantly affect the failure stress at a distance 
from the reinforcement of 0.5 time the reinforcement length. 
Table 6.5 Results of one-way ANOVA considering the effect of coupon width on the tensile strength 
Width / mm (1) Width / mm (2) Mean Difference (1-2) p 
12.5 25.0 -8 0.724 
37.5 -13 0.614 
50.0 -39 <0.001 
25.0 37.5 -5 0.956 
50.0 -31 <0.001 
37.5 50.0 -27 0.043 
 
6.4.2.2 Young’s Modulus 
As discussed in Section 3.5.2, the Weibull distribution is not suited to the property of 
Young’s modulus in the same way as it is to the strength. As such, the data has been 
assessed against the Normal distribution, with the goodness-of-fit O.S.L., the descriptive 
statistics and the B-basis modulus shown in Table 6.6. Considering firstly the average 
moduli, it is clear that there is not much difference between the different coupon widths, 
with all averages sitting within 3 GPa of one another. There appears to be a slight trend of 
increasing modulus with width based on the average, but this cannot be described 
conclusively as there is also a slight drop from the average modulus of 12.5 mm wide 
coupons to that of 25.0 mm wide coupons, and there is no difference between the average 
modulus of 37.5 mm wide coupons and 50.0 mm wide coupons. When the standard 
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deviation is considered alongside the average, it is apparent that all average values sit 
within ±1 standard deviation for 12.5 mm, 25.0 mm and 37.5 mm. The lowest average 
modulus, that for 25.0 mm wide coupons, is the only one outside of 1 standard deviation of 
the moduli of 50.0 mm wide coupons, which have the smallest standard deviation. These 
results are also apparent when the moduli for the different width coupons are plotted on a 
normal probability density plot (Figure 6.9), with the 12.5 mm and 25.0 mm distributions 
centred at approximately the same point, and the 12.5 mm distribution having a slightly 
narrower peak. The distributions for 37.5 mm and 50.0 mm wide coupons are similarly 
centred at the same strength, but the peak for the 50.0 mm distribution is considerably 
higher and narrower, displaying graphically this decrease in the standard deviation. This 
reduction in the variance is most visible when considering the B-basis moduli shown in Table 
6.6, where the 12.5 mm, 25.0 mm, and 37.5 mm width coupons all have B-basis values of 22 
GPa, whilst the 50.0 mm wide coupons have a calculated B-basis of 26 GPa. 
Table 6.6 Observed significance level (O.S.L), mean (µ), standard deviation (S), and B-basis values for the Normal 
distribution of Young's modulus, for different widths of coupons 
Coupon Width / mm O.S.L Normally Distributed? µ / GPa S / GPa B-basis / GPa 
12.5 0.28 Yes 27 2 22 
25.0 0.02 Yes 27 3 22 
37.5 0.02 Yes 29 3 22 
50.0 0.45 Yes 29 2 26 
 
The data for the different coupon widths was analysed for significance by a one-way 
ANOVA, with the results shown in Table 6.7. No significant difference was found between 
the different widths, apart from between 25.0 mm coupons and 50.0 mm coupons, which 
had a mean difference of -3 GPa and p=.014; F(3, 75)=5.51, p=.002, ηp2=0.18. The effect size 
of this ANOVA is large, which suggests that there is no effect on modulus of coupon width, 
despite the significant finding between 25.0 mm wide coupons and 50.0 mm wide coupons, 
given the lack of significance of any difference in the modulus between the other 
combinations of widths.  
To better understand the effect of width on the tensile strength and modulus, the stress-
strain graphs for the different widths were considered. For panel M1-2.0-5, both widths of 
coupons (25.0 mm – Figure 6.10, 12.5 mm - Figure 6.11) experience a similar stress-strain 
response, which exhibits strain softening, following from an initially linear response. The 
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amount of strain at which the softening response begins varies between different 
specimens but is predominantly noticeable between 3x103 and 4x103 µε. Generally, no 
difference can be seen in the stress-strain graphs between the 12.5 mm and 25.0 mm wide 
coupons, however, there is an anomalous response in Figure 6.11, for coupon M1-2.0-5-
UNT31-1151, which experienced a substantial decrease in load from approximately 60 MPa 
to 45 MPa at 2.5x103-2.9x103 µε. Comparing the stress-strain graphs, no difference in the 
modulus would be expected between the two widths, in agreement with the findings. 
Similarly, the stress-strain graphs of 25.0 mm and 37.5 mm coupons from panel M1-2.0-6 
(Figure 6.12 and 6.13, respectively) have no visible differences in the modulus, nor abnormal 
results.  
 
Figure 6.9 Normal probability density plot of the Young's modulus (GPa) against coupon width (mm) 
Table 6.7 Results of one-way ANOVA considering the effect of coupon width on the Young's modulus 
Width / mm (1) Width / mm (2) Mean Difference (1-2) p 
12.5 25.0 0 0.984 
37.5 -2 0.238 
50.0 -2 0.152 
25.0 37.5 -3 0.053 
50.0 -3 0.014 
37.5 50.0 0 1.000 
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For comparison of the 25.0 mm width coupons to the 50.0 mm width coupons, there are 
two panels, M1-2.0-7 and M1-2.0-8. Figures 6.14 and 6.15 show the stress-strain graphs for 
the 25.0 mm and 50.0 mm width coupons (respectively) for panel M1-2.0-7, and Figure 6.16 
and 6.17 for M1-2.0-8. It is clear from comparison of Figure 6.14 to Figure 6.12 and 6.10 that 
the 25.0 mm coupons from this panel experienced a greater variation in the stress-strain 
response. A comparison with Figure 6.16 shows that this increase in variation is not related 
to changes in the cutting plan and is linked to a single coupon – M1-2.0-7-UNT1-1175. This 
coupon had a strength of 140 MPa, compared to an average of 131 MPa for 25.0 mm wide 
coupons overall (S=24 MPa) indicating that there was no physical issue with this coupon that 
could lead to its result being discarded. There are no clear differences between the two 
panels with regards to the 50.0 mm wide coupons. Comparing the Figures 6.14 and 6.15, the 
50.0 mm wide coupons have a slightly higher modulus, with the cluster of curves centred at 
approximately 25 MPa at 1 x103 µε for 25.0 mm wide coupons, but at approximately 30 MPa 
for 50.0 mm wide coupons.   
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Figure 6.10 Stress-strain graphs for 25.0 mm wide coupons from panel 2.0-5 (2.0 mm thickness, 92% mould coverage) 
 
Figure 6.11 Stress-strain graphs for 12.5 mm wide coupons from panel 2.0-5 (2.0 mm thickness, 92% mould coverage) 
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Figure 6.12 Stress-strain graphs for 25.0 mm wide coupons from panel 2.0-6 (2.0 mm thickness, 92% mould coverage) 
 
Figure 6.13 Stress-strain graphs for 37.5 mm wide coupons from panel 2.0-6 (2.0 mm thickness, 92% mould coverage) 
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Figure 6.14 Stress-strain graphs for 25.0 mm wide coupons from panel 2.0-7 (2.0 mm thickness, 92% mould coverage) 
 
Figure 6.15 Stress-strain graphs for 50.0 mm wide coupons from panel 2.0-7 (2.0 mm thickness, 92% mould coverage) 
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Figure 6.16 Stress-strain graphs for 25.0 mm wide coupons from panel 2.0-8 (2.0 mm thickness, 92% mould coverage) 
 
Figure 6.17 Stress-strain graphs for 50.0 mm wide coupons from panel 2.0-8 (2.0 mm thickness, 92% mould coverage) 
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To further analyse this difference between the 25.0 mm wide coupons and the 50.0 mm 
wide coupons, the colour maps of strain obtained by DIC for a coupon of each width were 
compared at 20 MPa intervals of stress (Figure 6.18). In the 25.0 mm wide specimen, a crack 
in the specimen is visible from the 80 MPa image onwards, with this region highlighted as 
having a strain concentration as early as the 20 MPa image. In contrast, the 50.0 mm wide 
coupon develops a region of strain between 100-120 MPa (ignoring the high strain region at 
the top of the sample that is an artefact of the grips). It should also be noted that this high 
strain region in the 50.0 mm coupon at 120 MPa is approximately 25 mm wide. In a 
narrower coupon, this high strain region would extend across the whole width of the 
specimen, whilst in the wider specimen the large low-strain region to the right of it acts to 
carry the load, allowing the coupon to reach higher strengths and be less affected by 
localised heterogeneity of the mesostructure. The higher modulus of the 50.0 mm wide 
coupons is also visible in Figure 6.18 by comparison of the higher strain regions at each level 
of stress shown,  for example, at 20 MPa the 25.0 mm wide coupon has regions exceeding 
1.7 x103 µε, whilst the 50.0 mm wide coupon is entirely within the lowest colour band, and 
at 40 MPa, the 25.0 mm coupon has regions where the strain exceeds 3.4 x103 µε, whilst the 
50.0 mm wide coupon has, at the highest, small regions in the range 1.7x103-3.4 x103 µε.
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 Figure 6.18 Colour maps of surface strain measured by DIC for a 25.0 mm wide coupon and 50.0 mm wide coupon from panel M1-2.0-8 (M1-2.0-8-UNT8-1198 
and M1-2.0-8-UNT11-1201, respectively) 
σ = 20 MPa σ = 40 MPa σ = 60 MPa σ = 80 MPa σ = 100 MPa σ = 120 MPa 
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6.4.3 Summary of the Effect of Coupon Width on the Ultimate Tensile Strength and 
Young’s Modulus of C-SMC 
Investigation of the effect of coupon width on the tensile strength found that, for the C-SMC 
material considered, there was a significant increase in the strength when the width of the 
specimen reached 50.0 mm, in comparison to 12.5 mm, 25.0 mm and 37.5 mm wide 
coupons. No significant difference was found between the strengths of these narrower 
coupons. This provides empirical evidence to the previous computational claim that the 
coupon size needs to be twice the reinforcement size or greater to attenuate stress 
concentrations from the edges of the reinforcement. The relationship between coupon 
width and strength was not able to be quantified, however. The effect of width on the 
Young’s modulus was non-significant except between 25.0 mm and 50.0 mm wide coupons. 
The B-basis values calculated for the modulus were the same for coupons of 12.5 mm, 25.0 
mm, and 37.5 mm wide at 22 GPa, but increased to 26 GPa for 50.0 mm wide coupons, an 
increase of approximately 20%. 
6.5 Effect of Coupon Thickness on the Ultimate Tensile Strength and Young’s 
Modulus of C-SMC 
6.5.1 Introduction 
The literature suggests that an increase in coupon thickness increases the apparent strength 
and based around an understanding of the physics and micromechanics of C-SMC, it was 
hypothesised that the tensile stress would increase with thickness. This hypothesis stems 
from Fukuda-Chou fibre bridging model (Fukuda and T.-W. Chou, 1982), discussed in Section 
2.7. In this model, for the load to be transmitted across a distance, it is necessary for a fibre 
to bridge this distance. This is related to the length of the reinforcement and the angle of 
the reinforcement. The load that can be transmitted across a section is therefore directly 
related to the number of tows that cross this section. Assuming that the fibre orientation 
distribution takes the form of a step function (that is, all angles have equal probability of 
occurring), then the probability of a given number of fibres bridging any given section will 
increase with the cross-sectional area, and so the average failure load will increase.  
It was also hypothesised that the rate of change of this increase with respect to thickness 
would decrease. Alongside this, increasing thickness reducing the variance of the strength, 
and thickness having no effect on the Young’s modulus of the material were also 
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hypothesised. To assess this, panels were manufactured at three different mould coverages 
(51%, 77%, and 92%), at three to four different thicknesses per panel, as shown in Table 6.1. 
For each panel type (combination of thickness and mould coverage), four panels were 
produced, with two cut to produce coupons parallel to the primary flow direction, and two 
with coupons cut perpendicular to the primary flow direction (as discussed in Section3.4.2). 
Following the methodology set out in Section 3.5, the combined datasets (discussed in 
Section 6.3) were fitted against the Weibull, Normal, and Lognormal distributions, with the 
descriptive statistics and B-basis value calculated for each. The goodness-of-fit was assessed 
using an Anderson-Darling test, with the observed significance level (O.S.L.) needing to be 
>0.05 to demonstrate goodness-of-fit. 
6.5.2 Results & Discussion 
6.5.2.1 Tensile Strength 
The statistics discussed above are shown for the tensile strength of different panel 
groupings in Table 6.8. Considering the Weibull distribution first, it is apparent that the 2.2 
mm, 3.3 mm (51% mould coverage), 5.0 m, and 6.0 mm (parallel) groupings do not meet the 
necessary O.S.L. from the Anderson-Darling goodness-of-fit test. Due to the weakness of the 
Anderson-Darling test for low sample sizes, the graphical method can be used as a 
comparison. The Weibull distributions of the 2.2 mm and 3.3 mm thick coupons are shown 
in Figure 6.19, which shows the Weibull distributions for panels moulded at 51% mould 
coverage. Graphically, both these sample populations show a good fit for the Weibull 
distribution, allowing them to be treated as such.  Similarly, the distributions for the 5.0 mm 
thickness and 6.0 mm (parallel) are shown in Figures 6.22 and 6.23 respectively, and both 
provide good fits for the Weibull distribution.  
The Weibull moduli shown in Table 6.8 show a general increase in the modulus with the 
coupon thickness. To separate this from the effects of mould coverage, the Weibull 
distributions for different thicknesses with the same mould coverage can be compared 
graphically. 
In Figures 6.19, 6.20, and 6.21, the gradient of the distributions can be seen to increase with 
increasing thickness. This is particularly notable in Figure 6.20, which shows those panels 
moulded at 77% mould coverage, with the 5.0 mm distribution steeper than that for 3.3 
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mm, but shallower than that for 6.7 mm. This is even clearer in Figure 6.22, where the 
Weibull modulus is plotted against the coupon thickness for the three different mould 
coverages considered. There is a clear increase in the Weibull modulus with thickness, which 
is repeatable across all three mould coverages. 
For the characteristic strength, the results in Table 6.8 suggest an increase with the 
thickness, but there are anomalies to this, for example, the characteristic strength for 3.3 
mm thick coupons (166 MPa and 192 MPa, for 77% and 51% mould coverages, respectively), 
exceed the characteristic strength for the 4.0 mm thick coupons. Again, considering the 
individual Weibull distributions plotted according to mould coverage (Figures 6.19, 6.20, and 
6.21), it is clear that there is a general trend towards increasing thickness resulting in 
increased characteristic strength, although there are several exceptions to this: in Figure 
6.19, the distribution for 6.6 mm (parallel) lies to the left of that for 5.5 mm, and partially 
overlaps with the distribution for 3.3 mm thick coupons; in Figure 6.21, the distribution for 
6.0 mm (perpendicular) is overlaid with that for 4.0 mm thick coupons. To better review the 
trends, Figure 6.23 shows the characteristic strength plotted against coupon thickness for 
the three mould coverages. It is clear from this graph that the characteristic strength 
increases with thickness, but appears to start to flatten with increasing thickness, tending to 
a constant. Curve fitting suggests a logarithmic fit, with both 92% and 77% mould coverages 
having a function of 30ln(t), where t is the coupon thickness in mm, and the constant being 
related to the mould coverage, however, the poor fit of the 51% mould coverage data to 
this distribution prevents this relationship being confirmed.  
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Table 6.8 Descriptive statistics and B-basis values calculated for the Weibull, Normal, Lognormal, and Non-parametric distributions of tensile strength for different thicknesses of coupons 
Coupon Thickness / 
mm 
Weibull Distribution Normal Distribution Lognormal Distribution Non-
parametric 
B-basis 
/ MPa 
O.S.L. m σc / MPa B-basis 
/ MPa 
O.S.L. µ / 
MPa 
S / MPa B-basis 
/ MPa 
O.S.L. µ / 
MPa 
S / MPa B-basis 
/ MPa 
B-basis 
2.0 0.72 7 135 85 0.58 126 22 89 0.29 124 1 91 - 85 
2.2 0.02 5 173 93 0.12 159 33 103 0.30 156 1 110 - 103 
3.3 0.25 6 166 104 0.53 155 26 110 0.59 153 1 113 - 104 
3.3 0.03 9 192 140 0.00 182 26 138 0.00 180 1 137 99 99 
4.0 0.16 7 162 108 0.67 153 21 117 0.67 151 1 119 - 108 
5.0 0.02 8 183 127 0.03 173 23 134 0.05 171 1 136 - 136 
5.5 0.36 9 204 146 0.45 193 25 152 0.27 192 1 153 - 146 
6.0 (parallel) 0.46 17 176 141 0.20 170 13 143 0.14 170 1 144 - 141 
6.0 (perpendicular) 0.04 9 161 113 0.12 153 17 121 0.18 152 1 123 - 121 
6.6 (parallel) 0.31 12 189 138 0.50 181 18 145 0.49 180 1 147 - 138 
6.6 (perpendicular) 0.12 10 212 153 0.30 202 21 163 0.41 201 1 166 - 153 
6.7 0.58 10 187 137 0.68 178 21 143 0.47 177 1 145 - 137 
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Figure 6.19 Weibull probability plot for different thickness panels moulded at 51% mould coverage 
 
Figure 6.20 Weibull probability plot for different thickness panels moulded at 77% mould coverage 
 
Figure 6.21 Weibull probability plot for different thickness panels moulded at 92% mould coverage 
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Figure 6.22 Weibull modulus against coupon thickness for panels moulded with 51%, 77% and 92% mould coverage. 
 
Figure 6.23 Characteristic strength (MPa) against coupon width for panels moulded with 51%, 77% and 92% mould 
coverage. 
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do not appear to have a trend. To analyse this further, the data is plotted as a normal 
probability density plot in Figures 6.26, 6.27, and 6.28 for 51%, 77%, and 92% mould 
coverages, respectively. 
For 51% mould coverage (Figure 6.24), the average strength increases with thickness for 2.2 
mm, 3.3 mm and 5.5 mm thick coupons, however, the two populations of 6.6 mm thickness 
are separated with 6.6 mm (parallel) having an average strength comparable to that of 3.3 
mm thickness, while 6.6 mm (perpendicular) has a higher average strength. Increase in 
thickness does appear to reduce the standard deviation for this mould coverage, with the 
peaks getting higher and narrower with increasing thickness – a reduction from 33 MPa with 
2.2 mm thickness to 18 MPa and 21 MPa for the two 6.6 mm distributions. 
For 77% mould coverage, there is again an increase in average strength with thickness, 
although the difference between 3.3 mm 5.0 mm is considerably larger than that between 
5.0 mm and 6.7 mm despite the difference in thickness being the same. This supports the 
hypothesis that the strength tends towards a constant with increasing thickness. 
For 92% mould coverage (Figure 6.26), there is a clear increase in average strength with 
thickness, although 6.0 mm (perpendicular) has a similar average strength to 4.0 mm 
thickness. The standard deviation does not appear to change between 2.0 mm and 4.0 mm 
(both peaks are the same height and width), but the two 6.0 mm thick distributions have a 
lower standard deviation with higher and narrower peaks. 
To analyse the data further, the mean tensile strengths are plotted against the coupon 
thickness for the three mould coverages (shown in Figure 6.27). This figure shows that the 
average strength increases with the thickness and tends towards a constant for each mould 
coverage. Similarly to the characteristic strength, a logarithmic curve is fitted to the plots, 
with a good fit being achieved for 77% and 92% mould coverages, but a much poorer fit for 
the 51% mould coverage. Again, the strength seems to increase as a factor of approximately 
30ln(t), with the additional constant term being dependent on the mould coverage.  
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Figure 6.24 Normal probability density plot of tensile strengths for different thicknesses moulded at 51% mould coverage 
 
Figure 6.25 Normal probability density plot of tensile strengths for different thicknesses moulded at 51% mould coverage 
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Figure 6.26 Normal probability density plot of tensile strengths for different thicknesses moulded at 51% mould coverage 
 
Figure 6.27 Plot of average tensile strength against coupon thickness for 51%, 77%, and 92% mould coverages 
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for the three mould coverages (Figure 6.28), the increase with thickness is also realised. 
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logarithm – 47ln(t), 49ln(t), and 42ln(t) for 51%, 77%, and 92% mould coverage respectively. 
The improvement in curve fitting between the average and the B-basis is likely due to the B-
basis value accounting for the scatter of the data. 
 
Figure 6.28 Plot of B-basis tensile strength against coupon thickness for 51%, 77%, and 92% mould coverages 
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To verify that these increases in the strength with the thickness are statistically significant, 
the data was analysed according to the methodology set out in Section 3.5, with the results 
shown in Tables 6.9, 6.10, and 6.11, for 51% mould coverage, 77% mould coverage, and 92% 
mould coverage, respectively. For 51% mould coverage, it was found that the mean 
difference between 2.2 mm and 3.3 mm, 5.5 mm and 6.6 mm (perpendicular) was 
significant but was non-significant between 2.2 mm and 6.6 mm (parallel). The mean 
difference between 3.3 mm and thicker panels was non-significant, as was the difference 
between 5.5 mm and thicker panels, and 6.6 (parallel) and 6.6 (perpendicular). The ANOVA 
is characterised by F(4, 155)=12.51, p<0.001, ηp2=0.24, meaning that the effect size is large. 
This suggests that the change in average tensile strength above 3.3 mm is non-significant for 
a mould coverage of 51%. 
Table 6.9 Results of one-way ANOVA of tensile strengths comparing thicknesses for 51% mould coverage 
Thickness / mm (1) Thickness / mm (2) Mean Difference (1-2) p 
2.2 3.3 -23 0.007 
 5.5 -34 <0.001 
 6.6 Parallel -21 0.130 
 6.6 Perpendicular -43 <0.001 
3.3 5.5 -11 0.484 
 6.6 Parallel 2 1.000 
 6.6 Perpendicular -20 0.073 
5.5 6.6 Parallel 13 0.653 
 6.6 Perpendicular -9 0.771 
6.6 Parallel 6.6 Perpendicular -22 0.173 
 
For the panels moulded at 77% mould coverage, the results of the one-way ANOVA (Table 
6.10) show that an increase in thickness is significant between all thicknesses tested, 
although the mean difference of the average strengths decreases; MD = -18 MPa between 
3.3 mm and 5.0 mm, MD = -5 MPa between 5.0 mm and 6.7 mm. The ANOVA is 
characterised by the equation F(2,117)=10.43, p<0.001, ηp2=0.15, meaning that the effect 
size of these findings is large. This suggests that the tensile strength increase with thickness 
is a significant finding, as is the reduction of the increase with increasing thickness. 
Table 6.10 Results of one-way ANOVA of tensile strengths comparing thicknesses for 77% mould coverage 
Thickness / mm (1) Thickness / mm (2) Mean Difference (1-2) p 
3.3 5.0 -18 0.004 
 6.7 -23 <0.001 
5.0 6.7 -5 0.004 
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For the panels moulded at 92% mould coverage, the results of the ANOVA (Table 6.11) show 
that the differences between 2.0 mm thickness and all thicker groups are significant, but 4.0 
mm thick coupons are not significantly different to 6.0 mm (perpendicular) coupons, and 6.0 
mm (parallel) and 6.0 mm (perpendicular) coupons are not significantly different. The 
ANOVA is characterised by F(3,116)=23.16, p<0.001, ηp2=0.37, which has a large effect size. 
Similarly to the results for 51% mould coverage, this suggests that the increase in tensile 
strength tends to a constant with increasing thickness, and that at approximately 4.0 mm, 
this increase in thickness no longer provides a significant change to the mean tensile 
strength. 
Table 6.11 Results of one-way ANOVA of tensile strengths comparing thicknesses for 92% mould coverage 
Thickness / mm (1) Thickness / mm (2) Mean Difference (1-2) p 
2.0 4.0 -27 <0.001 
 6.0 Parallel -44 <0.001 
 6.0 Perpendicular -27 <0.001 
4.0 6.0 Parallel -17 0.046 
 6.0 Perpendicular 0 1.000 
6.0 Parallel 6.0 Perpendicular -17 0.078 
 
To understand these results further, one “average” coupon of each of 2.0 mm, and 4.0 mm 
thickness was selected from the data set for a more detailed analysis by comparing the DIC 
colour maps of strain. These two “average” coupons were selected by choosing the coupon 
that had values of tensile strength and Young’s modulus corresponding to the mean values 
for each of these sample population. These coupons were: 
• M1-2.0-4-UNT2-84 
• M1-4.0-1-UNT3-451 
The 2.0 mm thick coupon (shown in Figure 6.29) has a very low strain over the first twenty 
seconds (σ=38 MPa), with the strain at <1 x103 µε. By t=30 s, the strain concentrations are 
appearing in the colour map, and at t=50 s (σ=84 MPa) the strain concentrations are 
evident. The 4.0 mm thick coupon (Figure 6.30) has higher strains appearing more quickly, 
with a load of 32 MPa at t=10 s, but with higher strains than witnessed in the 2.0 mm thick 
specimen at 38 MPa. By t=50 s, the two coupons have comparable loads (σ2.0=84 MPa, 
σ4.0=81 MPa) and the size and magnitude of the high and low strain areas in the two 
coupons are comparable. Shortly after this point, paint starts to fleck off of the 2.0 mm 
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coupon preventing further comparison, with failure occurring at 126 MPa. This suggests that 
fracture processes within the sample are starting to release sufficient energy to break the 
paint layer used for the DIC measurement. In contrast, the 4.0 mm thick sample is able for 
strain data to continue being captured at t>110 s (σ=151 MPa), with failure occurring at 154 
MPa. This suggests that the thicker coupon can carry greater load and at greater strain while 
resisting the matrix cracking, but that the eventual failure will be more sudden and 
explosive, and that thinner coupons may be able to demonstrate pseudo-ductility through 
the matrix cracking processes. This result for increased thickness was expected as there are 
a greater number of tows in a given section of the material, increasing the probability of a 
higher number bridging fibres at any given section. 
 
Figure 6.29 Colour maps of the surface strain as measured by DIC for sample M1-2.0-4-UNT2-84. The test was displacement 
controlled with a displacement rate of 2 mm min-1 
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Figure 6.30 Colour maps of the surface strain as measured by DIC for sample M1-4.0-1-UNT3-451 
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6.5.2.2 Young’s Modulus 
For analysis of the effect of coupon thickness on the Young’s modulus, the data were 
checked for goodness-of-fit using the Anderson-Darling k-sample test, and the O.S.L.s, 
descriptive statistics and B-basis values for the modulus are shown in Table 6.12. Normal 
probability density plots for the three mould coverages considered (51%, 77%, and 92%) are 
shown in Figures 6.31, 6.32, and 6.33, respectively. For the goodness-of-fit, all datasets 
except for 6.0 mm (parallel) had an acceptable O.S.L. Using the graphical method to 
consider the fit of the 6.0 mm (parallel) data to the normal distribution (Figure 6.33) shows 
that this dataset fits the normal distribution, and the Anderson-Darling test likely 
highlighted a possible failure due to low sample size. 
Table 6.12 Descriptive statistics and B-basis values calculated for the Weibull, Normal, Lognormal, and Non-parametric  
distributions of Young’s modulus for different thicknesses of coupons 
Coupon Thickness / 
mm 
O.S.L Normally Distributed? µ / GPa S / GPa B-basis / GPa 
2.0 0.53 Yes 27 3 22 
2.2 0.01 Yes 29 3 24 
3.3 0.08 Yes 26 7 14 
3.3 0.57 No 32 3 26 
4.0 0.28 Yes 29 3 24 
5.0 0.09 Yes 31 5 23 
5.5 0.06 Yes 30 4 23 
6.0 (parallel) 0.05 Questionable 30 4 23 
6.0 (perpendicular) 0.32 Yes 27 3 19 
 
When the mean Young’s modulus, standard deviation, and B-basis values shown in Table 
6.12 are considered, they do not appear to demonstrate any trends that correspond to 
changes in coupon thickness. This corresponds with the probability density plots (Figure 
6.31, 6.32, and 6.33), where for 51% and 92% mould coverage the coupon thickness does 
not seem to affect the placement, height, or width of the bell curve. For the 77% mould 
coverage panels, however, there appears to be a large difference between the 3.3 mm and 
5.0 mm thick coupons, with the 5.0 mm coupons having a higher mean modulus (31 GPa 
compared with 26 GPa) and a lower standard deviation (5 GPa compared with 7 GPa).   
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Figure 6.31 Normal probability density distribution for Young’s modulus at different thicknesses (51% mould coverage) 
 
Figure 6.32 Normal probability density distribution for Young’s modulus at different thicknesses (77% mould coverage) 
 
Figure 6.33 Normal probability density distribution for Young’s modulus at different thicknesses (92% mould coverage) 
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These results were checked for significance using one-way ANOVAs and an independent 
sample t-test to compare the means of the distributions. For the panels moulded at 51% 
mould coverage (the results shown in Table 6.13), a significant difference was found 
between 2.2 mm and 3.3 mm (a mean difference of -2.5 GPa). The differences between 2.2 
mm and 5.5 mm, and 3.3 mm and 5.5 mm were non-significant; F(2, 102)=4.68, p=0.011, 
ηp2=0.08. These findings have a medium effect size. 
Table 6.13 Results of one-way ANOVA of Young’s modulus comparing thicknesses for 51% mould coverage 
Thickness / mm (1) Thickness / mm (2) Mean Difference (1-2) p 
2.2 3.3 -2 0.017 
 5.5 0 0.879 
3.3 5.5 2 0.050 
 
For the panels of 77% mould coverage, an independent sample t-test was used as only two 
distributions were compared. This found that the difference between the Young’s modulus 
of 3.3 mm thick and 5.0 mm thick panels was significant with a mean difference of -5.0 GPa 
(p=.007) and a large effect size; t(68.8)=-3.68, p<.001, d=0.88. 
For the panels of 92% mould coverage a one-way ANOVA was used with the results shown 
in Table 6.14. The difference between 2.0 mm thick and 4.0 mm thick, and 2.0 mm thick and 
6.0 mm (parallel) were found to be significant (p=.025, .009, respectively). The difference 
between 6.0 mm (parallel) and 6.0 mm (perpendicular) was also found to be significant 
(p=.046). All other differences were non-significant and this ANOVA was characterised by a 
large effect size; F(3,103)=61.25, p=0.001, ηp2=0.64. 
Table 6.14 Results of one-way ANOVA of Young’s modulus comparing thicknesses for 92% mould coverage 
Thickness / mm (1) Thickness / mm (2) Mean Difference (1-2) p 
2.0 4.0 -2 0.025 
 6.0 Parallel -3 0.009 
 6.0 Perpendicular 0 0.999 
4.0 6.0 Parallel -1 0.728 
 6.0 Perpendicular 2 0.157 
6.0 Parallel 6.0 Perpendicular 3 0.046 
 
Given the inconsistent nature in which significant differences were found between different 
thicknesses, and comparison of the mean differences to the magnitudes of the standard 
deviations of the sample populations, no firm conclusions can be drawn on the effect of 
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coupon thickness on the Young’s modulus from these results, suggesting that this factor 
does not affect the measurement of this material property.  
To understand this finding further, the stress-strain graphs for test coupons of different 
thicknesses were compared. Given that the findings of the ANOVA on the Young’s modulus 
was broadly similar for 51% mould coverage and 92% mould coverage, an “average” coupon 
was selected of each of 2.0 mm, 4.0 mm, and 6.0 mm thickness for analysis, as discussed for 
strength. These coupons were: 
• M1-2.0-4-UNT2-84 
• M1-4.0-1-UNT3-451 
• M1-6.0-1-UNT3-787 
Considering the stress-strain graphs for all coupons from the panels these coupons were 
sectioned from, it appears there is a greater scatter for the Young’s modulus in the 2.0 mm 
coupons (Figure 6.34), than 4.0 mm (Figure 6.35), or 6.0 mm (Figure 6.36), with the stress-
strain curves for the thicker coupons being clustered more tightly together. This is clearly 
shown by the range of tensile stresses in each Figure at 2x103 µε. When this is compared to 
the standard deviation on the modulus for the whole population of each thickness (Table 
6.12), however, this result does not hold true. 4.0 mm thick coupons have a lower standard 
deviation (2.8 GPa) than both 2.0 mm and 6.0 mm (parallel), which are comparable (3.1 GPa 
and 3.6 GPa, respectively). Comparing the gradients of the curves in the three figures, the 
modulus of 2.0 mm thick coupons is notably lower than that for 4.0 mm and 6.0 mm – at 2 
x103 µε the centre of the group of curves lies at approximately 50 MPa for 2.0 mm thick 
coupons (Figure 6.32), whilst it is at approximately 60 MPa for 4.0 mm (Figure 6.33) and 
approximately 55 MPa for 6.0 mm (Figure 6.34). 
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Figure 6.34 Stress-strain response for coupons from panel M1-2.0-4 
 
Figure 6.35 Stress-strain response for coupons from panel M1-4.0-1 
  
0
20
40
60
80
100
120
140
160
180
200
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008
Te
n
si
le
 S
tr
es
s 
/ 
M
P
a
Longitudinal Strain / mm mm-1
M1-2.0-4-UNT1-83 M1-2.0-4-UNT2-84 M1-2.0-4-UNT3-85 M1-2.0-4-UNT4-86
M1-2.0-4-UNT5-87 M1-2.0-4-UNT6-88 M1-2.0-4-UNT7-89 M1-2.0-4-UNT8-90
M1-2.0-4-UNT9-91 M1-2.0-4-UNT10-92 M1-2.0-4-UNT11-93 M1-2.0-4-UNT12-94
0
20
40
60
80
100
120
140
160
180
200
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008
Te
n
si
le
 S
tr
es
s 
/ 
M
P
a
Longitudinal Strain / mm mm-1
M1-4.0-1-UNT1-449 M1-4.0-1-UNT2-450 M1-4.0-1-UNT3-451 M1-4.0-1-UNT4-452
M1-4.0-1-UNT5-453 M1-4.0-1-UNT6-454 M1-4.0-1-UNT7-455 M1-4.0-1-UNT8-456
 161 
 
 
 
Figure 6.36 Stress-strain response for coupons from panel M1-6.0-1 
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cracking processes (Nony-Davadie et al., 2019), whilst the 5.0 mm thick coupon has a single 
linear response until near failure at >160 MPa, at which point the paint layer flecked too 
much for continued strain measurement, indicating a more common brittle failure 
mechanism. This aligns with the 2.0 mm and 2.2 mm thick coupons having a significant 
difference to thicker coupons and suggests that for measurement of modulus a coupon of 
4.0 mm thickness or greater should be used to ensure accurate measurement. 
 
 
 
Figure 6.37 Colour maps of strain measured by DIC for coupon M1-3.3-2-UNT6-226 at 10 MPa intervals 
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Figure 6.38 Colour maps of strain measured by DIC for coupon M1-5.0-1-UNT3-563 at 10 MPa intervals 
 
 
Figure 6.39 Stress-strain graphs of M1-3.3-1-UNT2-226 and M1-5.0-1-UNT3-563, demonstrating the matrix cracking 
process in the thinner test coupon 
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6.5.3 Summary of the Effect of Coupon Thickness on the Ultimate Tensile Strength and 
Young’s Modulus of C-SMC 
The thickness of tensile test coupons affects the strength of the material, with the 
relationship characterised by approximately σ=30ln(t)+c, where t is the thickness of the 
material and c is a constant relating to the mould coverage of the panels. The stress-strain 
response of the material changes slightly with increasing thickness, from a typical matrix 
cracking response where the stiffness substantially decreases after a certain point in thinner 
coupons, to single linear response typical of brittle failure. This suggests that thinner 
coupons may demonstrate pseudo-ductility. This change seems to occur at between 3.3 mm 
and 4.0 mm thickness, indicating that coupons of thickness 4.0 mm or greater should be 
used for characterising the modulus to ensure accurate results. 
6.6 Effect of Charge Mould Coverage on the Ultimate Tensile Strength and Young’s 
Modulus of C-SMC 
6.6.1 Introduction 
For an even charge (that is, every layer of the charge is the same size and shape) the 
thickness and areal weight of the uncured sheet of material defines the relationship 
between panel thickness and mould coverage. In addition, the level of fibre alignment due 
to flow at different mould coverages may affect the mechanical properties in the final 
component, as discussed in Sections 2.7, 2.8, and 6.2. The results in Section 6.5.2.1 already 
indicate this, with Figures 6.24 and 6.25 appearing to show that lower mould coverage 
results in an increase in measured strength, even when that data is combined from 
specimens cut parallel and perpendicular to the primary flow direction. This was an 
unexpected result, as the high flow panels had been expected to provide higher values of 
strength parallel to the flow direction and lower values perpendicular to the loading 
direction. This was not found, however, with the lower coverage panels giving higher 
apparent strength than the high coverage panels. To investigate this further the strengths 
and moduli of coupons with similar thickness (2.0 mm and 2.2 mm, 3.3 mm and 3.3 mm, 
and 6.6 mm and 6.7 mm) but different mould coverages were compared. 
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6.6.2 Results & Discussion 
6.6.2.1 Tensile Strength 
The goodness-of-fit of these data to the Weibull and normal distributions has been 
discussed in Section 6.5, along with the descriptive statistics of these various distributions. 
Fitting of the data to the Weibull distribution and plotting on Weibull probability plots is 
shown in Figures 6.40, 6.41, and 6.42 for coupons of thicknesses 2.0 mm and 2.2 mm, 3.3 
mm, and 6.6 mm and 6.7 mm respectively. In Figures 6.40 and 6.41, the increase in the 
characteristic strength with decreasing mould coverage is clear, with the distribution of the 
lower mould coverage lying substantially to the right of the distribution of higher mould 
coverage. For these thicknesses, the characteristic strength has increased from 135 MPa to 
173 MPa for the approximately 2 mm thick coupons, whilst for the 3.3 mm thick coupons 
the characteristic strength increases from 166 MPa to 192 MPa. For the case of the 
approximately 6.6 mm thick coupons (Figure 6.42), the characteristic strength has increased 
between the 77% mould coverage distribution and that for 51% (perpendicular), but the 
51% (parallel) distribution is very similar to that for 77%, with the distributions nearly 
overlaid. The characteristic strength has increased very little from 187 MPa for 77% mould 
coverage to 189 MPa for 51% (parallel), but there is a much larger increase to 212 MPa for 
51% (perpendicular).  
 
Figure 6.40 Weibull plot of the tensile strengths of 2.0 mm thick (92% mould coverage) coupons, and 2.2 mm thick (51% 
mould coverage) coupons 
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Figure 6.41 Weibull plot of the tensile strengths of 3.3 mm thick (77% mould coverage) coupons, and 3.3 mm thick (51% 
mould coverage) coupons 
 
Figure 6.42 Weibull plot of the tensile strengths of 6.6 mm thick (51% mould coverage) coupons, and 6.7 mm thick (77% 
mould coverage) coupons 
 
Figure 6.43 Graph of characteristic strength against mould coverage for three different thicknesses of coupons 
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Plotting the characteristic strength against mould coverage for each thickness considered 
(Figure 6.43) shows that there is a clear decrease in the strength with increasing mould 
coverage, although there are too few datapoints to quantify this relationship. When the 
Weibull distributions for similar thickness coupons are compared in Figures 6.40, 6.41, and 
6.42, they seem to lie parallel to one another, suggesting that there is no change in the 
Weibull modulus with mould coverage. Plotting the Weibull modulus against mould 
coverage for each thickness (Figure 6.44) shows no correlation between the parameters. 
Further data is required to confirm this, however.  
 
Figure 6.44 Graph of Weibull modulus against mould coverage for three different thicknesses of coupons  
When the data are plotted as normal distributions on probability density plots (Figures 6.45, 
6.46, and 6.47 for 2 mm, 3.3 mm and 6.6 mm respectively), the consistent scatter with 
mould coverage is also clearly seen. There is an increase in the scatter between 92% and 
51% mould coverage for 2 mm thick coupons, clearly seen by the height and width 
difference of the peaks of the two distributions in Figure 6.45. For the 3.3 mm and 6.6 mm 
thick coupons, however, there is no change in the scatter with all the distributions having 
peaks of approximately the same height and width.  
The increase in strength with decreasing mould coverage is clearly seen within the normal 
distribution plots. In Figure 6.45, the 51% mould coverage distribution lies far to the right of 
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Figure 6.46, the 51% distribution is again offset to the right of the 77% distribution, with the 
mean increasing from 155 MPa to 182 MPa with the decrease in mould coverage. In Figure 
6.47, the 77% mould coverage distribution is only slightly offset to the left from the 51% 
(parallel) distribution (a change in mean strength from 178 MPa to 181 MPa), whilst the 51% 
(perpendicular) distribution is offset much further to the right and has an average of 202 
MPa. When the mean strength is plotted against mould coverage for each thickness (Figure 
6.48), this correlation between the strength and mould coverage is clear, however, as for 
the characteristic strength, the relationship cannot be quantified.  
These differences in the mean strength were analysed for significance using independent 
sample t-tests and a one-way ANOVA as discussed in Section 3.5. This analysis found that 
the change in strengths for the 2 mm thick coupons was significant and had a large effect 
size, with a mean difference between 92% and 51% mould coverage of -33 MPa; t(67.293)=-
5.22, p<0.001, d=1.27. For 3.3 mm thick coupons the difference between 77% and 51% was 
again significant with a large effect size and a mean difference of -27 MPa; t(78)=-4.66, 
p<0.001, d=1.06. For coupons of approximately 6.6 mm thickness, significant differences 
were found between 51% (parallel) and 51% (perpendicular), with a mean difference of -22 
MPa (p=.006), and between 51% (perpendicular) and 77%, with a mean difference of 24 
MPa (p<.001). There was a non-significant difference between 51% (parallel) and 77%, and 
the ANOVA was characterised by F(2, 77)=11.24, p<0.001, ηp2=0.23. 
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Figure 6.45 Normal probability density plot of tensile strengths for different mould coverages at 2 mm thickness 
 
Figure 6.46 Normal probability density plot of tensile strengths for different mould coverages at 3.3 mm thickness 
 
Figure 6.47 Normal probability density plot of tensile strengths for different mould coverages at approximately 6.6 mm 
thickness 
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Figure 6.48 Mean tensile strength against mould coverage for three different thicknesses of coupons 
In contrast to the findings for the characteristic strength and mean strength of the coupons, 
plotting the B-basis strength for each population against the mould coverage (Figure 6.49) 
does not reveal a strong trend for decreasing strength with increasing mould coverage. 
There is a substantial decrease for the 2 mm thick specimens from 103 MPa to 85 MPa, 
however, the 3.3 mm thick specimens show an increase in the B-basis strength with 
increasing mould coverage (104 MPa to 109 MPa). For the 6.6 mm coupons, there is a 
change from 138 MPa and 153 MPa for 51% mould coverage to 137 MPa for 77% mould 
coverage.  
 
Figure 6.49 Graph of B-basis strength against mould coverage for three different thicknesses of coupons 
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The increase in tensile strength with a reduction in mould coverage was not expected. High 
mould coverage panels were expected to be more quasi-isotropic due to the low flow of 
material within the mould, preventing alignment of tows. This was expected to reduce the 
achievable strength but also decrease the scatter, as both cutting plans were expected to 
produce comparable results. Lower mould coverage panels were expected to produce 
greater strengths in panels with coupons aligned parallel to the flow direction, but lower 
mould coverages in panels with coupons aligned perpendicular to the flow direction. When 
these data were combined, it was expected to produce a comparable mean strength to the 
high mould coverage panel, but with increased variability. These findings contradict this 
hypothesis and indicate that 51% mould coverage is too still too high a mould coverage for a 
level of tow alignment that results in appreciable change in mechanical properties 
depending on orientation of the coupons. Instead, there is a difference between the lower 
and higher mould coverage panels in favour of using mould coverage of approximately 50% 
to determine mechanical properties. 
In forming the charges, a panel of a given thickness requires more sheets to be stacked to 
form the charge at lower mould coverage than at higher mould coverage. This may lead to 
greater air entrapment in the charge, which would usually result in a decrease in the 
properties. That this is not observed indicates that lower mould coverage panels benefit 
from the greater flow to undergo a greater level of compaction, to drive out trapped air and 
potentially increase the gross fibre volume fraction of the component if more resin is lost as 
flash during the moulding process. To evaluate this as a hypothesis, taking the 3.3 mm thick 
panels as an example, as they have the same nominal thickness, the averages of the 
measured thicknesses of each coupon are plotted as a box-and-whisker plot for the two 
mould coverages in Figure 6.50. The coupons with 51% mould coverage have lower 
measured thicknesses than those of 77% mould coverage, with a difference in the sample 
means of 3.22 mm for 51% to 3.27 mm for 77%. When the tensile strengths are normalised 
based on the ratio of coupon thickness to nominal thickness, the average strength of the 
77% mould coverage coupons decreases from 155 MPa to 153 MPa, whilst the average 
strength of the 51% mould coverage panels reduces from 182 MPa to 178 MPa. This 
indicates that even when variation in gross fibre volume fraction is accounted for, the lower 
mould coverage panels still have higher strengths than the higher mould coverage panels. 
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This indicates that the cause of the difference in the tensile strengths between different 
mould coverage panels is due to voids caused by entrapped air in the higher coverage 
panels. 
 
Figure 6.50 Box-and-whisker plots of coupon thickness for nominally 3.3 mm thick coupons at 51% and 77% mould coverage 
6.6.2.2 Young’s Modulus 
To consider the effect of mould coverage on the Young’s modulus, the goodness-of-fit of the 
relevant data to the normal distribution has already been discussed in Section 6.5.2.2. For 2 
mm thick coupons, the Young’s modulus has been plotted fitted to the normal distribution 
in Figure 6.51. This shows that there is a small increase in the mean Young’s modulus with a 
decrease in the mould coverage (27 GPa to 29 GPa, from 92% mould coverage to 51% mould 
coverage), but the standard deviations of the data are very similar, with comparable peak 
heights and widths. For 3.3 mm thick coupons, a decrease in mould coverage again results in 
an increase in the Young’s modulus (26 GPa to 32 GPa, from 77% mould coverage to 51%), 
however, the higher mould coverage coupons have a much greater variation with the 
standard deviation appearing to be about double, with a peak height half that of the lower 
mould coverage distribution. When these results were checked for significance using an 
independent samples t-test, it was found that for 2 mm thick coupons, the increase in 
Young’s modulus was significant, with 92% mould coverage coupons having a mean 
difference of -2 GPa to 51% mould coverage coupons; t(76)=-3.16, p=0.002, d=0.72. For 3.3 
mm thick coupons, the mean difference between 77% and 51% mould coverages was again 
significant at -6 GPa; t(57.465)=-4.409, p<0.001, d=1.16. 
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This increase in the Young’s modulus with decreasing mould coverage was not expected. It 
is thought to have the same origination as the difference in strength proposed in Section 
6.6.2.1, as an increase in void content would result in a decrease in modulus, as per the rule 
of mixtures. When colour maps of the strain measured by DIC are considered for different 
mould coverages, such as between a 2.0 mm 92% mould coverage coupon and a 2.2 mm 
51% mould coverage coupon (Figure 6.53), the slightly raised modulus of the lower mould 
coverage panel is clear by the reduced areal coverage and intensity of the higher strain 
regions at the same stress. This is clearly seen by comparing the images between M1-2.0-2-
UNT5-31 and M1-2.2-2-UNT7-145 in Figure 6.53. For example, at 20 MPa, the 92% mould 
coverage coupon has a larger area of increased strain compared to the lower mould 
coverage coupon. This is consistent through to the 80 MPa images in Figure 6.53, where the 
lower mould coverage coupon is developing a small region of much higher strain (>19x103 
µε). 
 
 
Figure 6.51 Normal probability density plot of Young's modulus for 2 mm thick coupons at different mould coverages 
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Figure 6.52 Normal probability density plot of Young's modulus for 3.3 mm thick coupons at different mould coverages 
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Figure 6.53 Colour maps of strain measured by DIC for a 92% mould coverage coupon (top) and 51% mould coverage 
coupon (bottom) at 10 MPa intervals. The coupons are M1-2.0-3-UNT5-31 and M1-2.2-2-UNT7-145 respectively. 
6.6.3 Summary of the Effect of Charge Mould Coverage on the Ultimate Tensile Strength 
and Young’s Modulus of C-SMC 
A decreasing mould coverage results in an increase in the tensile strength and Young’s 
modulus of a C-SMC material. This result was not expected, and analysis of measured 
thickness of coupons compared to nominal thickness showed that lower mould coverages 
produced thinner panels than higher mould coverages for nominally identical thicknesses. 
When the strengths were normalised by thickness, there was still a large difference 
between the lower mould coverage and higher mould coverage panels, suggesting that 
lower mould coverages result in more entrapped air being removed from the panel during 
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the moulding process. The results also show that a mould coverage of approximately 50% is 
still sufficiently high to prevent flow alignment of tows at a high enough level to alter the 
mechanical properties of the material in a given direction. 
6.7 Summary 
The tensile loading of C-SMC results, ultimately, in a failure by matrix cracking, with a 
tortuous crack path in three dimensions through the sample. For structural uses (where the 
material is used for the primary load path without redundant structures), the tensile 
strength is therefore best characterised by the apparent ultimate tensile strength of the 
material. The orientation of coupons to the primary flow direction was generally found not 
to affect the tensile strength or Young’s modulus of the material at the mould coverages 
tested. The width of testing coupons was found not to have an effect on the strength until 
the width reached 50 mm, which provides empirical evidence to support a computational 
model proposed by Harper et al. (Harper et al., 2012). The width was not found to have a 
significant effect on the Young’s modulus, although there was an increase of approximately 
20% in the B-basis of the Young’s modulus for 50 mm coupons compared to narrower 
coupons.  
The strength was found to correlate to the thickness of coupons, with relationship between 
thickness and average strength being of the form σ=yln(t)+c, with c being a constant that 
seems to be related to the mould coverage, whilst for the material tested, y is 
approximately equal to 30. The relationship between thickness and Young’s modulus is less 
well defined, with the results indicating that the modulus would increase with increasing 
thickness to a point below that of the strength (around 4 mm for the material tested). 
Further increases beyond this point did not result in significant increases in the modulus. 
The mould coverage of panels affected the tensile strength, with lower mould coverage 
panels resulting in greater tensile strengths. This relationship was not able to be quantified, 
but the comparison of measured thicknesses in panels of the same nominal thickness but 
different mould coverages indicates that this increase is due to a reduction in void content 
at lower mould coverages. These results also demonstrated that a mould coverage of 
approximately 50% was not low enough to see sufficient flow alignment of tows to influence 
mechanical properties based on orientation. The Young’s modulus of the material was also 
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found to increase slightly with reduced mould coverage, and this would also be explained by 
a decrease in void content due to flow. 
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7 Concluding Remarks 
7.1 Introduction 
Key issues preventing widespread adoption of C-SMC in the automotive industry were 
highlighted in this thesis; namely warpage, and variability of tensile mechanical properties. 
The current progress on solving these issues was investigated through a literature review 
enabling a statement of the aims and objectives of this work. Following this, there was a 
presentation of the materials and methods that were used to achieve the aims of the thesis. 
This Chapter summarises the key findings that were presented in Chapters 4-6. 
Furthermore, it reiterates the industrial context of these findings, before discussing 
potential directions for future work. 
7.2  Key Findings 
The dimensional stability of components moulded from C-SMC was investigated by the use 
of flat panels and representative components. This was done to assess the factors affecting 
the warpage, and to find whether this distortion could be sufficiently controlled to produce 
in-tolerance components. From the moulding of flat panels, it was found that the distortion 
was due to anisotropic thermal shrinkage through the thickness and in the in-plane 
dimensions of the panels. This was verified with the use of DIC and µCT to assess the 
reinforcement orientation distribution in three dimensions. It was found that cooling jigs 
could be used to control the distortion. 
These findings were then applied to mouldings of a representative component, which found 
that use of a cooling jig could be used to control the distortion. This was controlled to a 
sufficient degree for production of in-tolerance components, following an iterative trial-and-
error approach to setting of the cooling jig. It was also found that ambient cooling produced 
better results of distortion than accelerated or decelerated cooling, and that post-cures 
resulted in an increase in the distortion of the components. The use of these representative 
components also found internal cracking within thick sections of components. These 
findings have already been introduced by the sponsor company for design guides and 
technical specifications. This has enabled the use of this material in multiple products. The 
findings relating to the cooling jigs have been implemented through an iterative trial-and-
error setting of cooling jigs through the commissioning process of the tool and jigs for 
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manufacture of components. Currently this is an expensive process, and so future work will 
need to consider the ability of computational models to reduce the quantity of components 
required to successfully set a cooling jig. 
Regarding the mechanical properties, it was found that the width of coupons had an effect 
on both the strength and the stiffness. For the strength, it was found that there was an 
increase in the strength when the component reached a width that is twice the 
reinforcement size. This corroborates previous computational studies that found that stress 
concentrations from the reinforcement begin to attenuate at a distance from the 
reinforcement of 0.5 times the reinforcement size. For the stiffness, width was not found to 
have such an effect, but there was a substantial increase in the B-basis of Young’s modulus 
for 50.0 mm wide coupons compared to narrower coupons due to a decrease in variability. 
The strength was also found to increase with specimen thickness at a rate of σ=30ln(t)+c, 
where σ is the ultimate tensile strength, t is the specimen thickness and c is a constant that 
appears to relate to the mould coverage. The Young’s modulus did not change with the 
thickness of the coupon, although reduced variability was found with thicker coupons. There 
was a change in behaviour from thinner to thicker coupons however, with a two-stage 
stress-strain response, typical of matrix cracking, seen with some of the thinner panels. 
Mould coverage was found to have a negative correlation with both the strength and 
stiffness of the material. A mould coverage of 51% was found to produce greater strengths 
and stiffnesses that 77% and 92% mould coverages. The lower mould coverage was found to 
yield thinner panels of the same nominal thickness, but when the increased fibre volume 
fraction was controlled, there was still a substantial difference between the strength and 
stiffness at different mould coverages. This suggests that for flat panels, a lower mould 
coverage with greater flow reduces the void content. It was also found that there was no 
orientation effect on the mechanical properties at any of the mould coverages investigated. 
From these results, future material testing work should make use of 50 mm wide, 4 mm 
thick specimens, with the mould coverage representative of that to be used in production.  
7.3 Future Work 
Whilst this work has furthered the ability to use C-SMC materials in the automotive industry 
there is still much room for more work and further developments. With regard to the 
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dimensional stability of C-SMC, this work has focussed on empirical processes to understand 
the causes of distortion and counter them through the use of cooling jigs. The experimental 
trial-and-error of mould filling trials and cooling jig adjustments is, however, a costly 
process. There is a substantial cost saving to be realised by use of process simulation 
software, however, currently much of this is adapted from injection moulding software and 
has only recently started to try and simulate compression moulding of composites. In this 
regard, the characterisation of the rheology of C-SMC is a considerable barrier given the 
number of factors that result in changing viscosity during the compression moulding 
process. As such, accurate characterisation of the flow behaviour of sheet moulding 
compounds is an essential step in furthering the cost reductions and use of these materials.  
With regard to the mechanical properties, this work has left open the question of whether 
these changes to strength and Young’s modulus are related to the thickness and to the 
width without a relationship between them, or whether these are linked through volume, or 
cross -sectional area of the coupon. This is of particular importance to industrial application 
of these materials given the frequent use of ribs to increase component stiffness – if the 
strength and modulus scales with cross-sectional area as opposed to just thickness or width, 
this could result in further weight savings within components. In addition, the mould 
coverage effect on strength and Young’s modulus has not been conclusively shown to be 
related to void content – further analysis of this is necessary. 
There is also considerable scope for further developments linking together these various 
areas of focus. Accurate moulding simulation not only leads to control of moulding defects 
but should provide an orientation distribution for the reinforcement. This in turn allows 
more accurate use of finite element analysis (FEA) for simulation of the mechanical 
performance of C-SMC components. A circular work flow can be envisioned between the 
initial packaging constraints and load cases leading to the design of a component, through 
optimisation of the component, charge, and tool, FEA, and back to component design. This, 
however, does rely on accurate data to feed into these various simulations. In this field, 
there is the discussion of the tensile properties that has already been covered, but the 
applicability of existing standards for compression testing must also be considered, 
especially given that the gauge length of these tests is often on the scale of 10 – 20 mm to 
prevent buckling of the specimen. At this level, in a C-SMC, the material being tested could 
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essentially be considered as a continuous fibre material in compression, with single tows 
able to bridge the entire gauge length of the specimen. 
For both testing and simulation, the non-linear behaviour of the material is going to be 
particularly important for measurement and analysis within the automotive industry due to 
the requirements of crash for automotive structures. For this, the fracture toughness in the 
different failure modes is going to be an important measurement, but with standards only 
recently having been defined for mode I and mode II fracture toughness in continuous fibre 
composites that do not have the additional factor of being damage tolerant, as C-SMC does, 
this will be a difficult property to measure. 
Further work is also necessary on the material composition. This should cover the use of 
fillers that can improve the thermal conductivity of these materials to reduce the cracking 
that was witnessed within thick sections. These fillers would also need to work with the 
material to prevent a decrease in the mechanical properties (particularly stiffness, strength, 
and fracture toughness) that has accompanied the use of fillers in traditional glass SMCs. 
This would open the scope of geometries within which these materials can be used to allow 
for monolithic sections along with the current ribbed shapes. When considering applications 
for replacing existing technologies (often aluminium) with these materials, the strength of 
this class of material compared to the existing technology is low, however, they are 
sufficiently stiff that they can replace the existing technology in some stiffness dominated 
structures. Increasing the stiffness of this material class will enable a wider use of this 
material in stiffness dominated structures, with increased weight saving. One possibility for 
this is the use of stiffer fibres for the reinforcement (intermediate modulus or high modulus 
fibres) although this runs directly against the need to reduce the cost of this class of 
material to allow for higher uptake in the automotive industry. The option to consider pitch-
based fibres instead of PAN-based fibres is, therefore, interesting as pitch-based fibres can 
reach high stiffnesses at lower costs than PAN-based fibres, and this is an application where 
the disadvantages of pitch-based fibres (low strength) would be less of an issue to uptake 
than in traditional composites technology. 
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Appendices 
Appendix I – Data Management Plan 
Data Collection 
What data will you collect or create? 
The data collected takes the form of distortion reports in the form of PDFs containing colour 
maps and a table of point values for each panel and component assessed for distortion. 
Specimen dimensions, tensile strengths and Young's modulus will be collected, along with 
the parameters of the panels that the specimens were produced from. Strain information 
from mechanical testing will be created based on images collected during testing. 
Micrographs and CT images are also to be produced during these investigations. Physical 
samples are also classed as data and these shall also be collected, rather than discarded 
after testing. 
How will the data be collected or created? 
The distortion data is collected in PDF measurement reports with a separate report for each 
sample. For mechanical testing the loads and strains are collated in one Excel document per 
sample. The overall dimensions and mechanical properties from each sample are collated 
into a single Excel spreadsheet that includes the metadata of each sample: how it was 
tested, what panel, sample number from panel, mould coverage of panel, and which cutting 
plan it was sectioned using. The digital micrographs and CT images are collated in a folder 
structure relating to the parent samples. The physical testing samples are placed into 
labelled bags, which are stored in plastic crates. 
Documentation and Metadata 
What documentation and metadata will accompany the data? 
For the distortion, the data will be accompanied by tables listing the moulding conditions for 
each of the specimens. For the mechanical properties information, the data relating to the 
panels and specimens is included in the Excel spreadsheet. An additional document will 
accompany this with the cutting plans used. This mechanical property information will also 
be kept with the physical samples. 
Ethics and Legal Compliance 
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How will you manage any ethical issues 
No human or live samples were used during the testing, so no immediate ethical issues are 
considered.  
How will you manage copyright and Intellectual Property Rights (IPR) issues? 
The data generated during this investigation is owned by McLaren Automotive Ltd., with the 
findings to be published in open access journals. Requests to access the data will be 
considered, although may be subject to a non-disclosure agreement. 
Storage and Backup 
How will the data be stored and backed up during the research? 
The data is stored digitally on the University of Surrey servers, which are managed with 
respect to EPSRC requirements. Physical samples are stored in plastic crates in storage 
facilities in the University of Surrey's mechanical testing facility. 
How will you manage access and security? 
The data is commercially confidential, but has no risks that require a level of security 
beyond the usual digital security measures implemented by the University of Surrey and 
McLaren Automotive Ltd. 
Selection and Preservation 
Which data are of long-term value and should be retained, shared, and/or preserved? 
The dimensions and mechanical properties of tested samples along with the moulding 
conditions and distortion maps are of long-term value for retention. This also applies to the 
physical samples as inspection may be able to produce more data in the future. 
What is the long-term preservation plan for the dataset? 
The digital data are to be stored on the University of Surrey servers. Physical samples are to 
be kept for ten years before disposal. The key results are to be published through open 
access journals and a doctoral thesis available publicly through the Ethos service, or can be 
requested from the author, ensuring that this data is accessible in the long term. 
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Data Sharing 
How will you share the data? 
The key findings will be published in open access journals and through a publicly accessible 
doctoral thesis - available through the Ethos service or can be requested directly from the 
author. 
Are any restrictions on data sharing required? 
The data can be requested for sharing, but due to commercial confidentiality may be subject 
to a non-disclosure agreement, with terms to be negotiated with the requestor. 
Responsibilities and Resources 
Who will be responsible for data management? 
The primary researcher (Sam Kite) is responsible for the capture, production, and initial 
storage of the data such that it complies with University of Surrey data management 
policies. This data will be preserved by the University of Surrey, with access to be requested 
through the author (Sam Kite) and McLaren Automotive Ltd. 
What resources will you require to deliver your plan? 
Additional resources are not expected to be required. 
 
 
 
